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Science may set limits to knowledge,
but should not set limits to imagination. 
Bertrand Russell (1872–1970)
 
To my family
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Abstract
Rod and cone photoreceptors form gap junctional contacts (GJs), which provide an alternative 
route for rod signals when light saturates the primary  high-gain  rod pathway. Indirect evidence 
suggests that in mammals, as in lower vertebrates, rod-cone coupling is dynamically regulated by 
light and circadian rhythmicity through endogenous neuromodulators such as dopamine (DA). 
However, the only  direct  tests done so far, in macaque, found coupling to be static. Moreover, 
recordings from the postsynaptic cone bipolar cell, in  mouse, suggest that this route may give only 
a minor contribution to rod signaling.
In my thesis I investigated the functional impact  and regulatory latitude of rod-cone coupling by 
recording, with perforated patch clamp, from mouse cones in an in vitro retinal slice preparation. 
In the process, I optimized the techniques required to gain intracellular access to these small and 
challenging neurons. I dissected rod input in the photovoltage of wild type mouse cones by 
exploiting differences in light sensitivity, kinetics of recovery from bright flashes, and relative 
spectral preference to green (G) over ultraviolet (UV) light. Most cones expressed rod-like 
features, including: (1) responses to dim flashes, (2) slow plateaus in response to moderately bright 
flashes and a transient suppression of dim flash responses, (3) long recovery of dim flash responses 
and slow plateaus after rod-saturating  backgrounds, (4) preference for dim G over dim UV flashes, 
irrespective of the intrinsic spectral preference of the cone determined with rod-saturating pre-
flashes. Dim and bright flash responses had  different reversal potentials, consistent with an origin 
in  separate electrotonic compartments. The role of GJs was confirmed pharmacologically. Cones 
dramatically increased their coupling to rods within minutes after seal  formation, revealing 
mechanisms for rapid  plastic change, triggered  in my experiments by a perturbation of the 
intracellular milieu. In fully coupled cones the overall junctional conductance could exceed the 
light-sensitive conductance. In contrast  to wild type animals, in connexin isoform 36 (Cx36) 
knockout mice cones did not  appear to be able to couple to rods, supporting a key role for Cx36 in 
rod-cone GJs. In disagreement with indirect data, but similarly to what observed in  single macaque 
cones, I found evidence that would rule out a role of the dopaminergic system in the regulation of 
rod-cone coupling.
My work provides the first direct and conclusive evidence for rod-cone coupling in the mouse 
retina, an emerging  model for studies of early visual processing in health and disease. This 
coupling is not hardwired but  can be rapidly up-regulated, revealing that junctional  contacts are 
adequate for it  to play  an important  role in rod visual signaling and, potentially, also in the 
biochemical interaction between photoreceptors. The cellular mechanisms leading to a 
spontaneous coupling increase during patch  recordings need to be investigated to reconcile the 
lack of DAergic modulation in single cell recordings with other indirect evidence.
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1 Introduction
From the dawn of history humans 
wondered why they could 
distinguish light from darkness 
and why everything in nature 
appears in color. However, if 
early humans had obviously 
recognized the eye as the organ 
of vision, they did not appreciate 
the complexity of visual 
perception by the brain. The eye 
has been the subject of 
conflicting interpretations since 
antiquity.   Aristotle, in the IV 
century B.C., rejecting the 
Platonic ‘extramission’ theory of 
vision, advocated for a theory of 
‘intromission’ by which the eye 
received rays rather than directed 
them outward. He proposed that 
visual sensation passed from the 
eye to the heart, which at that 
time was considered as the center 
of sensation and psychic function 
(the brain was thought to merely 
be a cooling device) (Jung, 1984) 
(Fig. 1-1). In the XIII century 
A.D., St. Thomas D’Aquino, 
sanctioning the aristotelic axiom, 
wrote Nihil est in intellectu quod non prius fuerit in sensu (Latin for "nothing in 
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Figure 1-1. Aristotelian concept of five senses 
projecting to the heart, either directly or via the 
“sensus communis” in the anterior part of the head 
(lower figure). The upper drawing shows the four 
(Galen’s and Avicennas’s) or five (Albertus Magnus’s) 
brain compartments (reproduced from: Webvision, 
webvision.med.utah.edu; from: Jung, 1984).
the intellect without first being in the senses"). The Aristotelian concept of five 
senses projecting to the heart continued into the Middle Ages.
In the 2nd century A.D., Galen chose the extramission theory because it 
corresponded well with his image of sight as a function of an optical pneuma, 
flowing forth from the brain to the eyes through hollow optic nerves. Further, 
Galen defined many of the fundamental features of the anatomy and physiology 
of the eye, which remained as a reference until the 17th century. Benefiting from 
the work of the anatomists who dissected in Alexandria, such as Rufus of 
Ephesus, he described the retina, cornea, iris, uvea, tear ducts, and eyelids, as 
well as two fluids he called the vitreous and aqueous humors. He noted some of 
the peculiar features of sight such as binocular vision. According to the Galenic 
conception, the photoreceptive element in the eye was a central crystalline lens, 
while the retina, which abounded in blood vessels, was an organ of nutrition 
(Fig. 1-2). The eye was the subject of special interest in medieval Islamic 
medicine and philosophy. Influenced by their readings of Galen, the majority of 
Islamic scholars, such as al-Kindi and Hunain ibn Ishaq (Johannitius) in the 9th 
century, favored the extramission theory of sight. The latter, in such works as 
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Figure 1-2. The eye according to Hunain ibn Ishaq, from a manuscript dated circa 1200 (adapted 
from: webvision.med.utah.edu and Polyak, 1957).
‘Ten Treatises on the Eye’ and the ‘Book of the Questions on the Eye’, 
elaborated on the series of tunics behind the vitreous humor, paying special 
attention to the retina, whose role was to nourish the vitreous humor and conduct 
the visual spirit outward through the hollow optic nerve. He further reinforced 
the centrality of the crystalline lens (Fig. 1-2). Islamic physicians actively 
debated many details of the eye, among them, the number of tunics and, most 
importantly, the theory of extramission. In the early 10th century two Islamic 
scholars reasonably concluded that light affected the eye and not vice versa. 
While, Avicenna, a   Alhazen's contemporary that adhered completely to 
Aristotelian theory, offered a more systematic critique of the Galenic 
explanation, even though he retained many features of Galen's anatomy, such as 
the hollow nerves and crystalline lens. As this rich body of literature was 
translated from Arabic into Latin, in the period from the 11th to the 13th century, 
medieval European medical practitioners had a great deal to puzzle over.
We have to wait until the Renaissance to have a more exhaustive understanding 
of human anatomy, because dissections and autopsies had been forbidden in 
most religions. One of the first scientists that studied human anatomy through 
dissection of the body was Andreas Vesalius (1514–1564). Modern theories of 
vision began in the 17th century, with the optical conclusions of Johannes Kepler 
(1571–1630), who, drawing on the ocular anatomy presented by Felix Platter 
(1536–1614), solved a fundamental question: “How an infinity of rays from each 
point in the visual field is drawn into a coherent, point-to-point correspondence 
in the eye”. Despite tradition, Kepler inferred that the crystalline lens focussed 
images onto the retina, where vision was made possible. He distinguished 
between the physical optics of image formation and the psychological optics of 
vision: “I say that vision occurs when an image of the whole hemisphere of the 
world that is before the eye, and a little more, is set up at the white wall, tinged 
with red, of the concave surface of the retina … Thus vision is brought about by 
a picture of the thing seen being formed on the concave surface of the retina. 
That which is to the right outside is depicted on the left on the retina, that to the 
left on the right, that above below, and that below above. Green is depicted 
green, and in general things are depicted by whatever colour they have … the 
greater the acuity of vision of a given person, the finer will be the picture formed 
in his eye.”  A few decades later, with a landmark experiment René Descartes 
showed that Kepler was right. He scraped the back of the eye of a ox, surgically 
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removed, to make it transparent, and placed it on a window pane, as if the ox 
were looking out of the window. He looked at the back of the eye and saw an 
inverted image of the outside world. Descartes concluded that the image was 
inverted because it had been focused onto the retina by the eye's lens.
We now know the functions of the various eye components, and most of the 
steps of visual processing have been investigated (Fig. 1-3). The photoreceptors 
collect light and feed electrical signals to a network of neurons in the retina that 
process visual information in complex ways, and that send their output to the 
brain along the optic nerve. The brain decodes this continuous flow of 
information resulting in what we call vision.
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Figure 1-3. Diagram of the eye. A simplified sagittal section of the human eye, in 
which all  morphological components are indicated. 1: cornea, 2: iris, 3: pupil, 4: 
lens, 5: ciliary body, 6: vitreous chamber, 7: retina, 8: choroid, 9:  sclera, 10: optic 
nerve, 11: inferior oblique muscle.
1.1 Morphology of the Retina
Light, and thus photons, lets us collect visual memories and experiences. This is 
possible thanks to a complex visual system, which can detect and elaborate an 
extraordinarily wide range of light input. The neuronal structure designated to 
detect photons is the retina. The complexity of the retina baffled generations of 
students of vision, but among these one, in particular, deserves to be mentioned: 
Charles Darwin. With regards to the idea that the eye had evolved by natural 
selection, Darwin said: “The eye to this day gives me a cold shudder.”, “Seems, I 
freely confess, absurd in the highest possible degree.”. Figure 1.1-1 shows the 
incredible complexity of the retinal network in a vertical section. This is one of 
the most beautiful early representations of the microscopic structure of retina, by 
anatomist Ferruccio Tartuferi (in this modern composition the scientist is visible 
in the background). Tartuferi was a student of Golgi, who had developed the 
black reaction (reazione nera) in 1873, and published this surprising coloured 
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Figure 1.1-1. Tartuferi’s retina. The illustration combines one of the early representations of the 
microscopic structure of the retina, by anatomist Ferruccio Tartuferi, whose profile can be seen 
behind. Tartuferi published this coloured illustration of the retina in 1887; his portrait  is based 
upon a photograph from the archives of the University of Pavia, where he worked as a student of 
Camillo Golgi (Reproduced with permission from http://neuroportraits.eu; ©2012 Nicholas Wade).
illustration of the retina in 1887. Tartuferi was the first to apply the ‘black 
reaction’, which had initially been demonstrated on the arborizations of 
cerebellar Purkinje cells, to the retina.
The retina has long been a model system in which to study neuronal morphology 
and physiology (Werblin and Dowling, 1969), it’s layered structure (Fig. 1.1-2) 
contains approximately 60 different types of neurons. Synaptic connections are 
largely formed within two distinct layers, a thin external one and a thicker 
internal one. In the outer retina, photoreceptors contact horizontal cells and 
bipolar cells at the outer plexiform layer (OPL); in the inner retina synapses 
between retinal ganglion cells and their presynaptic neurons, the amacrine and 
bipolar cells, are localized to the inner plexiform layer (IPL), which is composed 
of two adjacent sub-laminae.
The outer retina consists of four layers: the retinal pigment epithelium, the 
photoreceptor outer and inner segments, the outer nuclear layer (ONL) and the 
OPL. The somas of photoreceptors are located in the ONL. Rods and cones are 
the main photosensitive cells in the retina (a third one was recently discovered, 
see below), and their interaction with the pigment epithelium is essential for 
visual function. Rods and cones have their name according to the shape of their 
photosensitive portion. Rods outnumber cones by about 20-fold in almost all 
mammalian species, The peripheral human retina contains about 95% rods and 
5% cones, a proportion surprisingly similar to that of the mouse (97% rods and 
3% cones) Due to their small size and high density, rods seem to be the second 
most numerous neuron type of the human nervous system, following the 
cerebellar granule cells. Photoreceptors occupy much less than 1% of the soma-
dendritic volume of a cortical or hippocampal pyramidal cell (Masland, 2012) 
(Fig. 1.1-3).
Retinal pigment epithelial (RPE) cells, located between the photoreceptors and 
the choroid, are specialized pigment cells. They are a part of the brain and 
constitute an epithelial monolayer able to respond to distinct extracellular 
signals. They provide functions that far exceed those of a light-absorbing screen. 
The RPE is an important part of the blood-retina barrier and controls the flow of 
nutrients and metabolites to and from the retina, replenishes 11-cis-retinal by 
reisomerizing all-trans-retinal generated during photo-conversion, and it is 
specialized in the phagocytosis of the remnants of photoreceptor outer segments, 
which are constantly renewed (apical processes from the pigment epithelium 
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envelop the outer segments of photoreceptors). Furthermore, it prevents the 
degradation of the visual image by absorbing stray light in melanin granules, and 
secretes cytokines that locally control the innate and adaptive immune systems. 
Not surprisingly, RPE cell disease is a major cause of human blindness 
worldwide (Bharti et al., 2011).
Photoreceptors consist of a cell body, an outer and an inner segment, an axon 
and a synaptic terminal (Kaneko, 1979). Their distal parts form respectively the 
outer and inner segment layers (OS/IS). Moving radially inward, at the base of 
the rod and cone inner segments there is an outer limiting membrane: with a 
network-like structure it is an alignment of adherent junctions between Müller 
glia and photoreceptor inner segments (Bunt-Milam et al., 1985). Photoreceptors 
are specialized to convert light into electrical signals. Two or three types of cone 
photoreceptors (depending on the species) and a single type of rod photoreceptor 
15
Figure 1.1-2. The three main layers of retinal neurons. The arrows indicate the direction  of light. 
The flow of visual  signals evoked  by  the incident  light proceeds in the opposite direction 
(Junqueira and Carneiro, 2005).
are present in mammals. However, some lower vertebrate retinas have more 
cone types.
In good vertical sections of fixed retina, rods and cones are optimally aligned 
and can be distinguished easily using a light microscope. The cones’ cell bodies 
are located in the distal part of the ONL in a single row, just below the outer 
limiting membrane. Their outer segments of cones are shorter than the slim outer 
segments of rods, and often have a conically-shaped structure (Fig. 1.1-4). Rod 
and cone outer segments capture light and convert it into membrane potential 
changes, which are further processed in the proximal parts of the photoreceptor 
by voltage-gated ion channels (Della Santina et al., 2012) and fed to the inner 
retina. The outer segments are connected to the inner segments by a narrow 
stalk.
Rod photoreceptors contain the visual pigment rhodopsin and are sensitive to 
blue-green light with a peak sensitivity around a wavelength of 500 nm. With the 
exception of some diurnal mammals and the foveas of old world primates, the 
ONL is occupied largely by rod cell bodies. Rods are highly sensitive to light 
being capable of signaling the absorption of a single photon (Cangiano et al., 
2012). This ability makes them crucial for low light/night vision (scotopic 
conditions).
Cone photoreceptors contain a different set of visual pigments, the cone opsins. 
Their peak spectral sensitivity depends on the opsin protein sequence, so that in 
mammals we find cones maximally sensitive to long wavelengths (L; ‘red’ 
cones), medium wavelengths (M; ‘green’ cones), or short wavelengths of light 
(S; ‘blue/ultraviolet’ cones) (Curcio et al., 1987). L and M cones diverged 
relatively recently in mammalian evolution from a common ancestor, while S-
cones have several morphological traits that set them apart, including (1) longer 
inner segments; (2) smaller and morphologically different pedicles (Ahnelt et al., 
1990); (3) a specific retinal distribution (see below). In mouse, which was used 
as a model system in my thesis, only two cone opsins are expressed, S and M. In 
the ventral mouse retina, the great majority of cones express both S- and M-
opsin, and only a minority of cones are pure S cones (8–20%; Haverkamp et al., 
2005). The sparse distribution of pure S cones implies that each one is 
surrounded by a ring of chromatically different cones. This has been observed 
also in the peripheral primate retina (in which S cones are sensitive to blue 
light), where it has been suggested that they may be electrically isolated from 
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nearby cones to prevent a severe reduction in color discrimination (Hsu et al., 
2000, O’Brien et al., 2012). Cones of different spectral sensitivities, and their 
pathways of connectivity to the brain are, of course, the basis of color 
perception. Photoreceptors relay their signals to downstream bipolar and 
horizontal cells at specialized output synapses called spherules (rods) and 
pedicles (cones). Photoreceptors also communicate with each other, but this 
aspect has been the target of my doctoral work and will be dealt with separately.
The inner retina consists of four layers: the inner nuclear layer (INL), the inner 
plexiform layer (IPL), the ganglion cell layer, and the nerve fiber layer. The 
dense neuropil of the IPL is a very fine and complex network in which several 
pathways connect with each other synaptically and electrically. Only electron 
microscopy, together with information gained from Golgi-staining, have enabled 
us to obtain detailed knowledge about this network. The INL contains the cell 
bodies of four groups of retinal cells: horizontal, bipolar, amacrine, and Müller 
glial cells.
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Figure 1.1-3. A mouse cone photoreceptor (cell inside oval) has been reproduced at its correct 
scale on an image showing a macaque cortical pyramidal  neuron. Cortical  cell  modified with 
permission from Masland (2012), originally from Gilbert (1992).
Horizontal cells process information from the photoreceptors and provide lateral 
feedback in the OPL. They are involved in enhancing contrast through lateral 
inhibition.
Bipolar cells process information from the outer retina and convey it to the 
amacrine and ganglion cells, in the inner retina. Early physiological recordings 
classified four different types of bipolar cells: ON, OFF, sustained, and transient 
(Kaneko, 1970; Werblin and Dowling, 1969). More recent morphological work, 
and subsequent physiological evidence has shown that the true number of 
bipolar cell subtypes is likely to be 12. The IPL is like a tidy stack of sublayers: 
the bipolar cell axons branch at different levels and form sublayer-specific 
synapses with postsynaptic neurons (Cajal, 1972).
Amacrine cells of the vertebrate retina are interneurons that create a complex 
synaptic network in the IPL, contacting bipolar cells and ganglion cell. They 
integrate, modulate and shape in the temporal domain the visual message relayed 
to the ganglion cell (Kolb, 1995). Amacrine cells are so called because most of 
them are axonless neurons, for this reason it is notoriously hard to recognize the 
sites of their inputs and outputs (Dowling and Boycott, 1966; Jusuf et al., 2005; 
Eggers and Lukasiewicz, 2011). The amacrine cells are classified into different 
types based on morphological characteristics of dendritic tree size, such as small, 
medium, and large branching, as well as tufted, varicose, linear, beaded, and 
radiate, and, most importantly, on the stratification of their dendrites in the IPL 
(Mariani, 1990; Kolb et al., 1992). Amacrine cells are a very diverse group, and 
can both relay and modulate signals in the inner plexiform layer (Kolb et al., 
2002). Some also affect outer retinal neurons by paracrine release of a 
neuromodulator (e.g. dopaminergic amacrines).
Retinal ganglion cells (RGCs) are the output neurons of the retina and integrate 
electrical signals converging from neurons preceding them in the retinal wiring 
scheme. Their cell bodies are located mainly in the ganglion cell layer, and their 
dendrites form synapses in the IPL with bipolar and amacrine cells (Wässle, 
2004). RGCs are larger on average than most other retinal neurons, and signal by 
generating spike trains which are sent by their axons onwards to higher visual 
areas of the brain, through the optic nerve. RGCs integrate visual information 
over their receptive fields by receiving presynaptic excitatory inputs from 
bipolar cells, which themselves receive inputs from several photoreceptors, 
while the inhibitory interactions mediated by horizontal cells and amacrine cells 
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modulate the structure of the receptive field (Gollisch, 2012). The classification 
of the different kind of RGCs began with Cajal, in his monumental work on 
Golgi staining of the vertebrate retina, in which he classified many different 
varieties of ganglion cell based on form (dendritic morphology), extent (cell 
body and dendritic tree size), and number of sublayers in which they arborize 
(stratification levels in the inner plexiform layer). Sun et al. (2002), using the 
‘DiOlistic’ method to stain RGCs with lipophilic dye-coated particles delivered 
with a gene gun (Gan et al., 2000), achieved a complete morphological 
classification of mouse retinal ganglion cells. They, in accord to a method used 
for the rat (Huxlin and Goodchild, 1997) classified cells with a large soma and a 
large dendritic field as RG(A), cells with a small to medium-sized soma and a 
small to medium-sized dendritic field as RG(B), and cells with a small to 
medium-sized soma, but a medium-sized to large dendritic field, as RG(C). 
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Figure 1.1-4. Colored scanning electron micrograph (SEM) of rods (yellow) and cones (green). 
The outer nuclear layer is highlighted  in purple. Magnification is x1800 when printed 10 
centimetres wide. Credit: STEVE GSCHMEISSNER/SCIENCE PHOTO LIBRARY.
Unequivocally bistratified cells were classified as RG(D) cells. Each group, in 
turn, was divided into several subtypes. Cells that did not fit into this 
classification scheme were left unclassified. Currently, we can affirm that RGCs 
in the mammalian retina comprise at least 10–15 types that are classified 
according to common structural features (Wässle, 2004). Despite decades of 
intense study, which criteria one should use to physiologically classify RGCs is 
still a subject of much discussion and debate (reviewed in: Rowe and Stone, 
1977; Rodieck and Brening, 1983; Wässle and Boycott, 1991; Rockhill et al., 
2002). Since the time of Cajal it had been believed that one physiological type 
existed for each morphological type of GC (Boycott and Wässle, 1974; Dacey, 
1994; Roska and Werblin, 2001), and numerous studies had shown that retinal 
ganglion cells exhibit an array of responses to visual stimuli, lending credit to 
the idea that these cells can be sorted into separate physiological classes 
(Carcieri et al., 2003). Nonetheless, this great morphological heterogeneity has 
not been confirmed by physiological findings (Farrow and Masland, 2011). It is 
well known that RGCs do not respond in the same way to visual stimuli 
(Hartline, 1938; Kuffler, 1953; Barlow, 1953; Enroth-Cugell and Robson, 1966). 
For example, when presented with flashing spots in their receptive field centers 
some respond only to the onset of the spot (ON-center), others only to the offset 
(OFF-center), and still others to both (ON-OFF-center) (Barlow, 1953; Kuffler, 
1953). Similarly, when cells are stimulated with contrast-reversing sine wave 
gratings, some cells show linearity in their stimulus-to-response transformations, 
whereas others show striking nonlinearity (Enroth-Cugell and Robson, 1966; 
Hochstein and Shapley, 1976). However, RGCs shouldn’t necessarily be divided 
in classes based on their response properties (for review see Rockhill et al., 
2002; Stone, 1983; Wässle and Boycott, 1991): the fact that a particular response 
property varies from cell to cell does not imply that the cells divide into groups 
with respect to that property. Instead, it has been asserted that RGCs show a 
functional unimodal distribution, with a single peak and a large standard 
deviation (Hochstein and Shapley, 1976; Rodieck, 1998; Abbott and Chance, 
2002; Mechler and Ringach, 2002). Hence, cells with linear and very nonlinear 
responses may be endpoints of a continuum that contains cells with varying 
degrees of nonlinearity in between (Carcieri et al., 2003). A recent important 
discovery is that of intrinsically photosensitive ganglion cells (ipRGCs), which 
are a small minority of the total ganglion cell population and express the visual 
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pigment melanopsin. They have an important role in non image-forming 
functions as irradiance detectors for behaviors such as the pupillary light reflex 
and circadian photoentrainment (Lucas, 2013).
Our review of retinal cells ends with Müller glia, which represent the scaffold of 
the retina and are main glial cells present. They extend processes across the 
entire retina, with nuclei located in the INL. On vitreal side, the ‘feet’ of Müller 
cells processes cover most ganglion cell axons and form the inner limiting 
membrane (ILM) together with a basal lamina. The ILM is the inner surface of 
the retina bordering the vitreous and thereby forming a diffusion barrier between 
neural retina and vitreous humor. On the scleral side, Müller glia extend beyond 
the outer limiting membrane, forming microvilli into the subretinal space, which 
entail an increase of the surface available for metabolic exchange with the 
subretinal space. Müller cells don’t carry out only a structural role, but are also 
involved in the nurture of photoreceptors and represent an important reservoir 
which buffers changes in the ionic composition of the tight extracellular space 
during light stimulation. A final unexpected role for Müller glia is that of being 
conduits of light akin to optic fibers, thus reducing scatter across the retina and 
contributing to spatial acuity (Franze et al., 2007).
In the center of the retina is the optic disk, a circular to oval white area from 
which the optic nerve departs. The major blood vessels of the retina also radiate 
from the optic disc. In the retina of primates, about two and half diameters from 
the disc, can be seen the oval-shaped and blood vessel-free reddish spot, the 
fovea, which is at the center of the area known as the macula. The fovea is the 
area of the finest visual acuity, the result of dense packing of cone 
photoreceptors. This region is less complicated than the peripheral retina 
because it has very few rod photoreceptors and rod-specific circuits. There is one 
inner (invaginating or ON) midget bipolar cell and one outer (flat or OFF) 
midget bipolar cell for each foveal cone (Kolb, 1970), and one midget ganglion 
cell for each foveal midget bipolar cell (Boycott and Dowling, 1969; Kolb and 
DeKorver, 1991; Calkins et al., 1994).
The eye is organized so that the visual image is focused onto the retina with 
minimal optical distortion. Light traverses the cornea and the lens and, 
subsequently, crosses the vitreous humor that fills the eye cavity, before reaching 
the retinal photoreceptors, lying at the back of the eye. To allow light to reach 
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the photoreceptors with minimal scattering, RGC axons run towards the optic 
disk unmyelinated.
For cell-to-cell communication retinal neurons use the major neurotransmitter 
systems, as well as electrical coupling mediated by gap junctions. Glutamate is 
the primary excitatory neurotransmitter used by neurons in the vertical retinal 
pathways, including photoreceptors, bipolar, and ganglion cells (Iuvone e al., 
2005). The other major excitatory neurotransmitter is acetylcholine (ACh). The 
inhibitory neurotransmitter GABA appears in many different subtypes of 
amacrine cells and in one or more subtypes of horizontal cells (Yang, 2004), 
both cell types being involved in lateral information processing. The inhibitory 
neurotransmitter glycine is present in most of the small-field types of amacrine 
cells (Nguyen-Legros et al., 1997).
1.2 Early Retinal Processing of Visual Signals
Visual perception begins with absorption by visual pigments contained in the 
outer segments of rod and cone photoreceptors. As mentioned above, the outer 
segment is specialized for phototransduction. The light-absorbing moiety of the 
visual pigment molecule is attached to a large membrane-spanning protein. Rods 
and cones have evolved a strategy to increase the surface area of the membrane, 
and thus increase their light collecting ability, by tightly stacking membranous 
discs in their outer segments, so that a huge number of these proteins are 
available for photon capture. In cones the discs are continuous with the plasma 
membrane, while in rods they pinch off from the plasma membrane becoming 
intracellular organelles. Like other neurons, photoreceptors do not divide, but 
their outer segments are constantly renewed, in parallel to the phagocytic 
activity of the adjacent pigment epithelial cells.
1.2.1 Phototransduction in Rods and Cones
Scotopia, from the Greek words skotos- (darkness) and -opia  (sight), is defined 
as the range of lighting conditions in which only the rods are able to signal, 
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mediating high-sensitivity but monochromatic vision. Cones mediate coloured 
vision, but activate at higher light intensities in mesopic and photopic conditions 
(Fig. 1.2.1-1). Today it has become challenging to avoid light pollution and 
experience a completely dark natural landscape. In a wide range of dim ambient 
light levels both rods and cones operate (mesopic conditions): even the light of 
the full-moon can be sufficient to activate cones somewhat.
Let us delve into the astonishing complexity of phototransduction, step after step 
(Fig. 1.2.1-2), by describing what happens if one opens the window at twilight, 
after some hours spent into a completely dark room. Initially the eyes are fully 
dark adapted and a high concentration of visual pigment, rhodopsin and cone-
opsin, is present in the disc membranes of rods and cones.
Both rhodopsin (Rh) and cone-opsins are members of the family of G protein-
coupled receptors (GPCRs), which in darkness bind the light absorbing 
chromophore 11-cis retinal (Palczewski, 2006; Park et al., 2008). The latter is an 
inverse agonist for the receptor. As long as darkness is maintained, a steady 
inward current flows through the plasma membrane of the photoreceptor outer 
segments (the dark current). The dark current is mediated by ion channels gated 
by cGMP, which has a high concentration in darkness (see below), and are 
permeable to both Na+ and Ca2+ ions. The dark current enters the outer segment 
and keeps the photoreceptor depolarized at –40/–45 mV, a membrane potential at 
which this inward current is balanced by an outward current in the inner segment 
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Figure 1.2.1-1. Photopic (left) and scotopic (right) vision in humans simulated from the same 
image. The dark central patch in the scotopic image represents the foveal area with its paucity of 
rods. Photo by S. Asteriti.
mediated by K+ ions. Ionic gradients are maintained by a Na/K ATPase, which 
removes Na+ and replenishes K+, and a Na/Ca,K exchanger, which limits the 
Ca2+ concentration in darkness at a relatively high level of 500–600 nM. When 
photons reach the dark adapted retina, as in our example above, they are 
absorbed by Rh and cone opsins, which undergo a sequence of conformational 
changes identifiable biochemically by specific absorption spectra: the early 
morning twilight is sufficient to stimulate both rods and cones. Since 
phototransduction has been better studied in rods than in cones, I am going to 
continue my description referring to Rh, although analogous considerations are 
valid also for cones.
The active state of Rh (known as Meta-2 and indicated as Rh*), has a half life of 
a few tens of milliseconds, during which it collides, binds and activates a 
random number of heterotrimeric G-proteins (transducins). In darkness, inactive 
transducin is bound to a GDP molecule, but upon collision with Rh*  an 
exchange of GDP for GTP occurs, leading to the dissociation of the heterotrimer 
in two structural subunits (Tα and Tβγ). Interestingly, rod Transducin α (rTα) and 
cone Transducin α (cTα), appear to be functionally interchangeable (Mao et al., 
2013).
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Figure 1.2.1-2. (A) Schematic anatomy of a representative vertebrate rod. (B) Major proteins and 
mechanisms in vertebrate rod phototransduction. Abbreviations: hν, light; Rh*, activated form of 
the photopigment rhodopsin; GTP, guanosine triphosphate; GDP, guanosine diphosphate; cGMP, 
guanosine 3ʹ′,5ʹ′-cyclic monophosphate; GMP, guanosine monophosphate; PDE, guanosine 
nucleotide phosphodiesterase; RGS complex, a group of three proteins including RGS9 which 
accelerate the hydrolysis of the GTP attached to the alpha subunit of transducin; and Pi, inorganic 
phosphate. Reproduced with permission from: Fain et al. (2010).
The GTP-bound α-subunit (Tα) is the main effector and diffuses laterally along 
the disk membrane until it binds to a γ-subunit of the target enzyme PDE6 
(phosphodiesterase 6), which plays a key role in the phototransductive cascade. 
Two simultaneously-bound Tα-GTP molecules are necessary to elicit maximal 
activation of PDE (Liu et  al., 2009; Muradov  et  al., 2010). Activated PDE 
(PDE*) hydrolyzes cGMP very efficiently, leading to a rapid drop in the local 
concentration of the cyclic nucleotide. Continuous cGMP synthesis is guaranteed 
by guanylate cyclase (GC) anchored to the membrane disc. It is the decrease in 
cGMP concentration occurring shortly after light exposure that leads to closure 
of the cGMP-gated ion channels. The gain of this last step is enhanced by a 
cooperativity in the gating action of cGMP at the channels. Light-evoked closure 
of cGMP-gated channels leads to cell membrane hyperpolarization, since the 
outward current of the inner segment is now unbalanced by a corresponding 
inward current in the outer segment. The resulting electrical signal is propagated 
to the photoreceptor synapse, where it causes a decrease in neurotransmitter 
release.
In darkness the cytoplasmic free Ca2+ concentration is constant because the rates 
of Ca2+ inflow and extrusion are in balance. Since light induces the closure of the 
cGMP-gated channels, and these channels are also permeable to this ion (see 
above), the free [Ca2+] of the outer segment drops inevitably (Sampath et al., 
1999). The activity of the Na/Ca,K exchanger is itself controlled by cytoplasmic 
free Ca2+, so then the transporter-mediated Ca2+ efflux also decreases following 
the channel closure. Under steady illumination the efflux and influx of Ca2+ 
quickly achieve a new equilibrium at a lower concentration.
Ca2+ is involved in three important feedback mechanisms (Govardovskii et al., 
2000b) essential for the ability of photoreceptors to adapt to increasing light 
levels. The outer segment [Ca2+], for example, is directly responsible for the 
activity of GC in the disk membrane, through an inhibitory effect on the specific 
GC-activating proteins (GCAPs) (Lolley and Racz, 1982; Koch and Stryer, 
1988). The light-dependent change of cytoplasmic Ca2+ controls the function of 
several molecules in the transduction pathway: (1) the enzymatic kinetics of GC 
and GRK (described below); (2) the cGMP-sensitivity of CNG channels, and (3) 
the transport rate of the Na/Ca,K exchanger. Except for the ion exchanger, Ca2+ 
control is mediated by the function of soluble, Ca2+-binding proteins that interact 
with the target protein: for GC, these are the GCAP proteins, while for GRK it is 
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recoverin (Kawamura et al., 1996; Sato and Kawamura, 1997; Tachibanaki et al., 
2005). Recoverin is a myristoylated protein, member of the EF-hand superfamily 
(Flaherty et   al., 1993; Gorodovikova et   al., 1994; Kawamura et   al., 1996; 
Kawamura and Tachibanaki, 2002; Weiergraber et  al., 2003). At high [Ca2+] 
recoverin binds to GRK and is physically trapped between Rh*  and the kinase, 
thus preventing GRK from phosphorylating it (Ames et al., 2006). At low [Ca2+] 
recoverin does not bind to GRK and the enzyme can act on Rh*.
PDE*  hydrolyzes cGMP for as long as it remains active, and its lifetime depends 
on the dynamics of visual pigment and transducin inactivation, on photoreceptor 
type and on light-intensity. Photoreceptor-specific opsin-kinases are responsible 
for visual pigment inactivation. They belong to the large family of GRKs (G-
coupled receptor kinases). In photoreceptors two different and specific 
homologues are expressed: GRK1 and GRK7. GRK7 is expressed essentially in 
the cone, except in mice and rat cones (Hisatomi et al., 1998; Chen et al., 2001). 
In the latter animals GRK1 is expressed in all rods and in cones (Weiss et al., 
2001). Rod and cone visual pigments have from 6 to 7 consensus 
phosphorylation sites at the cytoplasmic carboxy terminus, depending on the 
species. The ability of activated visual pigment to activate transducin falls with 
increasing phosphorylation of those sites. Finally, the interaction of 
phosphorylated visual pigment with Arrestin-1 fully inhibits the activation of 
Transducin (Gurevich et al., 2011). The hydrolysis of the GTP bound to Tα, to 
GDP, causes Tα inactivation and the Tα-GDP re-associates with Tβγ. The intrinsic 
GTPase activity of Tα-GTP is slow and this rate is accelerated by interaction of 
Tα-GTP with the RGS9 multi-protein complex of regulatory proteins (Burns and 
Pugh, 2010).
Upon return to darkness PDE*  is inactivated and cGMP levels are restored from 
GTP by membrane-bound guanylate cyclase (GC). In view of what shown up to 
this point about the Ca2+-mediated feedbacks in the phototransduction cascade, 
GC activity is higher in the presence of light than in darkness, because 
illumination lowers cytoplasmic free [Ca2+].
CNG channels are selectively permeable to cations over anions (Zimmerman 
and Baylor, 1992; Haynes, 1995). They are permeable to Ca2+ ions, but this ionic 
species directly defines a voltage-dependence of the cGMP-gated current, 
binding itself to specific sites in the open pore from which it can be displaced by 
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the transmembrane voltage (Colamartino et al., 1991; Zimmerman and Baylor, 
1992; Eismann et al., 1994; Ohyama et al., 2002; Picones and Korenbrot, 1995).
Note that the relative Ca2+ to Na+ permeability is higher for cone than for rod 
CNG channels and because of this, in physiological ionic solutions the Ca2+ 
current via CNG channels is about twice as large in cones than in rods (Ohyama 
et al., 2000, 2002).
Currently, it is known that the Na/Ca,K ion exchanger, a member of the 
superfamily of CaCA (Ca2+/cation antiporter) transport proteins, is the only class 
of active ion transport channels present in the outer segment (Cervetto et  al., 
1989; Lagnado and McNaughton, 1991). As a secondary active transporter, it 
moves Ca2+ out of the outer segment against its electrochemical gradient, 
exploiting the favorable Na+ influx.
The rod and cone CNG channel activity is Ca2+ dependent by the interaction 
between the CNG channel protein subunits and a soluble Ca2+ binding modulator 
protein. The cGMP concentration that opens a given fraction of the channels is 
lowered as the Ca2+ concentration decreases (Nakatani et al., 1995; Sagoo and 
Lagnado, 1996; Rebrik et al., 2000; Rebrik and Korenbrot, 2004). The channel 
modulator in rods is calmodulin (Hsu and Molday, 1994; Bauer, 1996), while a 
novel Ca-dependent modulator of ligand sensitivity has been discovered in cones 
(Rebrik et al., 2012).
The light responses of rod and cone photoreceptors in the vertebrate retina are 
quantitatively different. Their respective light sensitivities, as the different 
kinetics of response to light, match the ecological needs of vertebrates. While 
cones yield a detectable signal only when several visual pigment molecules per 
cell are excited (Naarendorp et  al., 2010; Korenbrot, 2012), in rods a single 
light-activated visual pigment molecule is sufficient to generate a signal larger 
than the intrinsic noise (Baylor et al., 1979). Cones respond to light over a very 
wide range of ambient light, from twilight up to the maximum irradiance 
measured on earth’s surface under solar illumination, ~1.6 × 109 cd/m2 
(Korenbrot, 2012). On the other hand, rods cover a smaller range of light 
intensities and a bright steady illumination is able to completely saturate them 
(Baylor et al., 1984; Schnapf et al., 1990). Human cones are able to preserve 
around half of their circulating current during steady-state illumination that 
bleaches 90% of their pigment and, when the darkness is restored, only a few 
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tens of milliseconds are necessary before the cone circulating current is fully 
restored. On the contrary, in human rods a background that bleaches a little 
percentage of the visual pigment is sufficient to totally abolish the circulating 
current and a full recovery after a large bleach can require in excess of 20 
minutes, 50000 times more slowly than in cones (Kenkre et al., 2005). The same 
occurs in cones of non-mammalian species (Jones et al., 1993). In addition to 
this sensitivity difference, also the time course of the light response varies 
between rods and cones, with cones having faster responses than rods. The 
molecular scheme of the phototransduction pathway is essentially the same in 
rods and cones, however the enzymes and protein regulators can differ either in 
their properties or in concentration.
In the phototransductive cascade several substrates of PKA have been identified, 
such as GC, GCAPs (Wolbring and Schnetkamp, 1996; Peshenko et al., 2004; 
Osawa et al., 2011), the rhodopsin kinases GRK7 and GRK1 and phosducin 
(Pagh-Roehl et al., 1995; Willardson et al., 1996). Changes in cAMP content in 
whole mouse retina (Nir et al., 2002) and in cultured chicken photoreceptors 
(Chaurasia et al., 2006) were found to occur with a circadian cycle. Therefore, 
circadian changes in the cAMP content of photoreceptors suggest that cAMP 
may be directly involved in regulating phototransduction. However, this 
regulation has not yet been shown in intact photoreceptor cells (Jindrova and 
Detwiler, 2000).
1.2.2 Rod and Cone Signal Pathways
In mammals, rod and cone photoreceptors form chemical synaptic contacts with 
several bipolar cell types, so that the signals coming from photoreceptors are 
immediately fed into a number of parallel pathways. The existence of multiple 
pathways for the transmission of rod signals up to the final output of the retina is 
supported by studies of anatomy, electrophysiology, and psychophysics (Sharpe 
and Stockman, 1999; Bloomfield and Dacheux, 2001). The first rod pathway to 
be identified in the mammalian retina was that in which rod photoreceptors make 
a sign-inverting synapse onto rod bipolar cells (RBC), which thus depolarize in 
response to light. Since only one type of dedicated rod bipolar cell exists, rod 
signals would appear to have only a way to reach ganglion cells: via the RBCs 
and the postsynaptic amacrine AII cells (Fig. 1.2.2-1, panel a). However, in the 
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‘90s it was shown in the rabbit 
that rod signals can bypass RBCs 
and reach ganglion cells through 
gap junctions that connect rods to 
cones (DeVries and Baylor, 1995) 
(Fig. 1.2.2-1, panel b). Electrical 
connections between rods and 
cones had been documented both 
physiologically and anatomically 
already in the 70‘s, when 
ultrastructural analysis of the 
retina in several vertebrate 
species showed that 
photoreceptors contact each other 
at specific sites, localized on their 
synaptic endings, without 
intervening glia. Raviola and 
Gilula (1973), applying to the 
retina the technique of freeze-
fracturing, offered a precise 
structural characterization of 
these intercellular junctions, 
which were suggested to be 
functional by intracellular 
recordings in turtle (Baylor et al., 
1971), and cat retinas (Nelson, 
1977). Ultrastructural studies 
have revealed gap junctions 
between cones, as well as 
between cones and rods, in many 
other mammalian species, 
including mouse, guinea pig, ground squirrel (Smith et al., 1986; Ahnelt et al., 
1990; Tsukamoto et al., 1992, 2001; Kolb et al., 1997; Tsukamoto et al., 2001; 
Lee et al., 2003; Feigenspan et al., 2004; Li and DeVries, 2004; O'Brien et al., 
2004).
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Figure 1.2.2-1. The three rod pathways in the 
mammalian retina (black arrow: sign-preserving 
synapse; gray arrow: sign-inverting synapse). Adapted 
with permission from Bloomfield and Völgyi (2009).
Subsequently, in 1998 Ed Soucy et al. in the mouse demonstrated the presence of 
a third visual pathway for rod signals. Using a transgenic mouse whose retina 
lacks cones, they found that rod responses in OFF ganglion cells occurred even 
when the primary rod pathway was blocked and, since these mice have no cones 
(and thus no rod–cone gap junctions), this suggested the existence of a third rod 
pathway, in which rods make a sign-preserving synapse onto OFF bipolar cells, 
which, in turn, relay to OFF ganglion cells (Fig. 1.2.2-1, panel c) (DeVries et al., 
1995). Some studies, subsequently described the presence of chemical synapses 
between rods and OFF bipolar cells in a number of species, including mammals 
(Hack, et al. 1999; Li et al., 2004; Völgyi et al., 2004; Pang et al., 2010, 2012). 
Nevertheless, only one in five rods in the mouse retina seems to be able to make 
a chemical synapse with an OFF bipolar cell, suggesting that this pathway may 
play a relatively limited role in scotopic signal transmission (Tsukamoto et al., 
2001).
Since, it is known that gap junctions are expressed not only between rods and 
cones, but also between rods themselves, in mouse, rod–rod coupling could 
contribute to the third visual pathway by pooling scotopic signals into those 
sparse rods that do contact OFF-bipolars. The third rod pathway might thus play 
a role at dusk and dawn, when more photons are available than during starlight 
(Tsukamoto et al., 2001; Bloomfield and Völgyi, 2009). Indeed, it was shown 
that it has a lower light sensitivity compared to the other two rod pathways. 
Interestingly, OFF ganglion cells receiving convergent inputs from all three rod 
pathways or from the secondary and tertiary pathways together were never 
observed. It was later demonstrated that the third rod pathway survives in the 
Cx36-knockout mouse retina (see below for details), suggesting that rod-rod gap 
junctions do not rely on the Cx36 connexin isoform.
Cone photoreceptors are less sensitive to light than rod photoreceptors and have 
maximal absorbances at different wavelengths (see above). Cone signals cross 
the retina and reach ganglion cells via a more direct but diversified route. Cones 
synapse upon various cone bipolar subtypes rather than on a single type, 
classified by several parameters. On their scleral pole, characteristic 
morphological properties are the size of their dendritic field (midget, diffuse, and 
large-field diffuse) and the type of synaptic contact they form with cone pedicles 
(i.e. invaginating-ribbon synapses (imb), flat or basal junctions (fmb) or non-
ribbon related basal junctions). As we have seen when discussing the primary 
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rod pathway, rod bipolar cells have a depolarizing response to light (Dacheux 
and Raviola, 1986), while cone bipolar cells can be either hyperpolarizing (OFF-
center) or depolarizing to light (ON-center) (Nelson and Kolb, 1983) (Fig. 
1.2.2-2).
The ON and OFF bipolars express different glutamate receptor types (Miller and 
Slaughter, 1986). The ON- or OFF-center phenotype is determined by the nature 
of the postsynaptic glutamate receptors at the bipolar cell dendritic contacts with 
the cone. The OFF bipolar receptor is of the AMPA-kainate type, and it is an 
excitatory ionotropic glutamate receptor (iGluR). In contrast, the ON bipolar 
cells express mGluR6 metabotropic receptors (Numura et al. 1994; Vardi et al. 
1997).
On the vitreal side, electron microscopy and 3D reconstruction of cone bipolar 
structure in the inner plexiform layer of the cat retina demonstrated that their 
axons make most of their ribbon output synapses with ganglion cell dendrites 
(Kolb, 1979). ON and OFF cone bipolars segregate their output synaptic 
contacts in different sublaminae of the IPL. OFF cone bipolar axons arborize 
entirely in the outer aspect of the IPL (sublamina a) connecting to OFF-center 
(center hyperpolarizing) ganglion cells. ON cone bipolars, in contrast, arborize 
in the inner aspect of the IPL (sublamina b) contacting ON-center (center 
depolarizing) ganglion cells. Light steps evoke in cone bipolar cells either 
sustained or transient responses (DeVries, 2000). Thus, a major functional 
subdivision between cone bipolars is that of ON-sustained, ON-transient, OFF-
sustained, OFF-transient.
One major difference between 
the circuitry of the cone 
compared to the primary rod 
pathway, in mammals, is that 
cone bipolar cells make direct 
synapses with ganglion cell 
dendrites, without the need for 
intermediate amacrine cell 
circuitry (Fig. 1.2.2-2). 
Moreover, fewer cones converge 
onto cone bipolars than rods onto 
rod bipolars, and then only a 
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Fig. 1.2.2-2. ON- and OFF- pathways of cone signals 
(black arrow: sign-preserving synapse; gray arrow: 
sign-inverting synapse). Adapted with permission from 
Bloomfield and Völgyi (2009).
relatively small number of cone bipolar cells converge onto their ganglion cells. 
These differences are directly related to the requirements of cone vision for high 
spatial acuity during daytime, and of rod vision for high photon catch and 
amplification of scarce light at night. It is interesting to note that, according to 
visual pigment phylogenetics, cones probably preceded rods, a fact that may 
explain why the three rod pathways feed into the circuitry of cones (Vinnikov, 
1982).
1.3 Gap Junctions and their Role in the Retina
GJs are a ubiquitous feature of the mammalian brain, and while researchers have 
been gaining an appreciation for their physiological complexity over the last 
several decades, many of their functional roles within identified neural circuits 
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Figure 1.3. Simplified schema of gap junctions: hexameric hemichannels cross the plasma 
membrane, allowing a chemical and electrical communication (from: Trauner and Jansen, 2003).
remain elusive. All five primary neuronal cell types in the retina (photoreceptors, 
horizontal, bipolar, amacrine and ganglion cells) make GJ-mediated synaptic 
connections, as shown mainly with morphological techniques, providing an 
approachable model system for exploring the roles that GJs play in neural signal 
processing. Evidence based on recordings of retinal output signals have provided 
support for the view that electrical synapses are essential in the processing of 
visual information.
Gap junctions (GJs) are the morphological substrate of electrical synapses. They 
are composed of two hemichannels (called connexons), each composed of 6 
transmembrane protein subunits, named connexins, that are perpendicularly 
oriented to the cells’ membranes to form a central pore. Each connexin is in turn 
formed of 4 transmembrane domains, two extracellular loops, one intracellular 
loop, carboxyl– and amino–terminals (both in the cytoplasm). Therefore, GJs are 
composed of two connexons that link across the extracellular space and form a 
channel that connects the cytoplasms of two neighboring cells. Gap junctional 
channels can consist of two identical connexons (homotypic channels) or of 
connexons of different subunit compositions (heterotypic channels). GJs have a 
dual role, as they both mediate the propagation of electrical signals, as well as 
enable molecules up to 1000 Da to permeate (Fig. 1.3). The diffusion of small 
molecules through gap junctional channels has been exploited in the past, and is 
still used today, to investigate coupling: fluorescent dyes such as Lucifer Yellow 
or non fluorescent tracers such as neurobiotin have been used to collect 
morphological evidence about coupling between neurons (e.g. Hampson et al., 
1994), with the former referred to as dye coupling and the latter as tracer 
coupling (Hartveit and Veruki, 2012). This dual role adds a layer of complexity 
beyond that of chemical synapses, and they are now recognized as short and 
long-term regulatory targets of endogenous systems, in both physiology and 
disease (e.g. Landisman and Connors, 2005). Connexin isoform 36 (Cx36) is 
critically involved in neuronal responses to injury (Wang et al., 2012; Belousov 
and Fontes, 2012). While in the brain the role of GJs in disease is currently a 
very active field, research in the retina has focused almost exclusively on their 
role in visual processing. Isoform 36 is widely expressed in the retina (Fig. 
1.3.1) and two studies found that this isoform is involved in response to injury 
also in retinal tissue (Striedinger et al., 2005; Pashcon et al., 2012). These 
aspects will need to be addressed in greater detail in the future.
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1.3.1 Connexin 36 is the Major Isoform in the Retina
In the mammalian central nervous system, GJs and hemichannels are variously 
distributed among cell types. They are regulated at several levels, from 
transcription to gating. Connexin isoform 36 (Cx36) is the best characterized and 
predominant connexin in the CNS. Mills and colleagues (2001) performed an 
extensive investigation of the localization of Cx36 in Rabbit retina. They labeled 
the processes of AII amacrine cells, a critical interneuron in the rod pathway, and 
by image analysis found that Cx36 is primarily located at dendritic crossings 
between overlapping AII amacrine cells. This finding suggested that Cx36 may 
participate in homotypic gap junctions between pairs of AII amacrine cells. In 
addition, it was shown that Cx36 colocalized with contacts between AII 
amacrines and ON cone bipolars, suggesting that also heterotypic GJs are 
present. Thus, it was clear that Cx36 was an important component of the 
signaling in the primary rod pathway. Deans et al. (2001) generated mice in 
which the Cx36 coding sequence was replaced with histological reporters. 
Analysis of reporter distribution in the retina of heterozygous animals confirmed 
expression of Cx36 by AII amacrine cells, but also demonstrated expression of 
Cx36 protein in outer plexiform layer, as well as in two kinds of cone bipolar 
cells and a small number of cells within the ganglion cell layer. Later, it was 
shown that also mammalian cone photoreceptors express Cx36 both at cone-
cone and rod-cone junctional contacts (Feigenspan et al., 2004; O’Brien et al., 
2012).
Deans et al. (2002) produced a direct functional proof that Cx36 is critical for 
propagation of rod signals across the mammalian retina, by generating a retina-
specific Cx36 knockout mouse. Disruption of electrical synapses was tested by 
intracellular injection of Neurobiotin tracer. Extracellular recording from ON 
ganglion cells in these animals found that both the primary and secondary rod 
pathways were absent, implying that AII-AII amacrine and rod-cone gap 
junctions require Cx36. In vivo electroretinographic (ERG) recordings compared 
wild type with Cx36 knockout mice (Abd-El-Barr et al., 2009). Larger b-wave 
amplitudes were observed in the wild type, arguing for the presence of 
significant levels of rod-cone coupling. These data seem to suggest that 
junctional coupling mediated by Cx36 at various retinal levels, is important for 
visual processing.
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Importantly, Cx36 shows a marked potential for modulation. An early study on 
neuroblastoma cell lines (Neuro2A and RT4-AC) and primary cultures of 
hippocampal neurons, both transfected with a Cx36-enhanced green fluorescent 
protein (EGFP) expression vector, revealed that junctional currents increased 
substantially over time during whole cell patch clamp recordings from pairs of 
coupled cells (Zoidl et al., 2002), a feature that has not been reported for any of 
the other connexins. Corsso et al. (2012) recently showed that injection of 
specific peptides corresponding to sites of binding and phosphorylation of 
CaMKII on Cx36 (Alev et al., 2008) lead to a loss of this “run-up”  activity. The 
same effect was obtained by deletion of corresponding CaMKII binding and 
phosphorylation sites. According to these results the interaction of Cx36 with 
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Figure 1.3.1 Sites of gap 
junctional contacts between 
retinal neurons (coloured ovals 
represent GJ hemi-channels). a) 
Both hemi-channels of the GJs 
that couple neighbouring cones 
(C) express Cx36. b) In rod (R)-
cone GJs, only the hemichannel 
on  the cone side contains Cx36; 
the connexin on the rod side 
remains unknown. c) The type of 
connexin in rod–rod GJ is also 
unknown. d) Horizontal cell 
(HC) dendrites are extensively 
coupled. In mammals, axonless 
horizontal cells express Cx50 
whereas axon-bearing horizontal 
cells express Cx57. e,f) AII 
amacrine cells form two types of 
GJ. Those between AIIs seem to 
be homotypic and comprised of 
homomeric hemi-channels 
containing Cx36 e) By contrast, 
gap junctions between AII 
amacrine cells and ON cone 
bipolar cells (CB) can be 
homotypic or heterotypic, with 
the AII cell hemi-channels 
containing Cx36 and the cone 
bipolar cell  hemichannel containing either Cx36 or Cx45. g) Ganglion cells (GCs) are extensively 
coupled to  each  other and/or to  neighbouring amacrine cells (AC). To date, ganglion cell GJs have 
been reported to contain  Cx36 or Cx45. Figure and legend adapted with permission from 
Bloomfield and Volgy (2009).
CaMKII may confer a high degree of functional plasticity upon the electrical 
synapse.
1.3.2 Light Adaptation and Gating of Gap Junctional Coupling
During the day/night cycle, the retina continuously adjusts its signal gain, so as 
to avoid saturation our visual system and operate over a light intensity range that 
covers more than 9 orders of magnitude (Rodieck, 1998). In the process, the 
balance is shifted between optimal contrast detection and acuity in daylight, and 
high light sensitivity in darkness. Light adaptation mechanisms operate at all 
levels of retinal processing, from photoreceptors up to ganglion cells, and are 
known to depend not only on the light stimulus itself, but also on intrinsic 
circadian rhythms in retinal neurons. Adaptation downstream of 
phototransduction has been termed ‘network adaptation’, and its main effectors 
are two key players in retinal signal processing: ion channels and synaptic 
transmission.
Cell-to-cell electrical coupling, mediated by gap junctions, is an important 
component of the flow of visual signals through the retina, and is the target of 
complex regulatory systems in dark/light adaptation (Bloomfield and Völgyi, 
2009). It is known that gap junctional coupling in the retina is plastic, similarly 
to other systems. In particular, a number of studies have shown that coupling 
strength between retinal neurons changes with illumination. Ambient light 
regulates the conductance of GJs between horizontal cells and AII amacrine cells 
(Fig. 1.3.2) (Mangel and Dowling, 1985; DeVries and Schwartz, 1989; 
Bloomfield et al. 1997; Xin and Bloomfield, 1999; Bloomfield and Völgyi, 
2004). More limited evidence points to a light-dependent modulation of coupling 
between rod and cone photoreceptors (Yang and Wu, 1989; Heikkinen et al., 
2011). The general consensus is that in mammalian retinas photopic ambient 
light promotes a decrease in coupling between neurons, suggesting a rerouting of 
visual signals away from electrical pathways as we move from night to day. 
However, this simplistic view is complicated by a number of observations, the 
primary being those of Bloomfield and Völgyi (2004) in AII amacrine cells, and 
of Xin and Bloomfield (1999) in horizontal cells. They found that both in 
darkness (scotopic conditions) and daylight (photopic conditions) these neurons 
have a low level of mutual coupling, while in dim light (mesopic conditions) 
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coupling is strong (Fig. 1.3.2). This ‘bell’ shaped regulation of coupling between 
amacrine cells has been suggested to optimize signal flow in relation to 
biological noise. Hu et al. (2010) reported an unexpected increase in daylight of 
the tracer coupling of α-GCs to neighboring ganglion cells and amacrine cells, 
contrary to the prevailing view of uncoupling by light. This increased coupling 
seems to be accompanied by a rise in correlated spike activity between 
neighboring α-GCs, a process that would affect the capacity and efficiency of 
information flow across the optic nerve.
It must be noted that much of the data on retinal neuron coupling, and its 
modulation, have been obtained using tracer substances such as neurobiotin. 
This has provided evidence that histologically–identified GJs represent a viable 
path for the passage of small molecules between neurons, leaving open the 
question about their effectiveness as mediators of biologically–relevant electrical 
signals. As a result, the strength and functional impact of electrical coupling in 
many retinal neurons remains unclear. This point is particularly relevant for the 
coupling between mammalian photoreceptors.
37
Figure 1.3.2. Complex modulation of junctional coupling between AII amacrine cells by ambient 
light. Dots below represent the degree of tracer diffusion from a single injection site. Modified 
with permission from Bloomfield and Völgyi (2009). Photo by P. Prato.
1.3.3 Endogenous Neuromodulators Coordinate Network Adaptation
Network light adaptation is controlled both by mechanisms local to the specific 
neuron involved, and by global neuromodulatory signals. Two neuromodulators, 
dopamine (DA) and melatonin, are relatively well established players in 
coordinating retinal network adaptation, although other transmitters have also 
been implicated (e.g. NO, GABA, Adenosine). They are synthesized within the 
retina and released in a paracrine fashion, thus acting on longer time scales 
(minutes to hours) compared to adaptation in the photoreceptor outer segment, 
and are controlled both by ambient light levels and intrinsic retinal circadian 
clocks. Their release by photoreceptors (melatonin) and amacrine cells (DA) 
(Menger et al., 1998, Doyle et al., 2002), is maintained in antiphase by a mutual 
inhibitory interaction. DA, in particular, acting through D2-like receptors on the 
photoreceptor, inhibits melatonin synthesis (Tosini and Dirden, 2000). This 
results in melatonin being high at night and dopamine high in daytime. DA and 
melatonin are thought of playing opposing roles in the regulation of retinal light-
adaptive physiology: the former functioning as a humoral signal for daylight and 
promoting network light adaptation, while the latter having dark-adaptive effects 
(Tosini et al., 2008).
Synthesis and release of DA is under the control of intraretinal clocks, since 
cyclic oscillations in its levels can be observed also in isolated retinas cultured in 
constant darkness (Ruan et al., 2008). Daily rhythms are a ubiquitous feature of 
living systems. They are not just passive consequences of cyclic fluctuations in 
the environment, but instead originate within the organism. In mammals, 
including humans, the master pacemaker controlling 24-hour rhythms is 
localized in the suprachiasmatic nuclei of the hypothalamus, to which the 
intrinsically photosensitive retinal ganglion cells (ipRGCs) send information 
about ambient brightness via the direct retinohypothalamic tract. The circadian 
clock is responsible for the temporal organization of a wide variety of functions, 
ranging from sleep and food intake, to physiological measures such as body 
temperature, heart rate and hormone release. The retinal circadian clock was the 
first extra-SCN circadian oscillator to be discovered in mammals and several 
studies have now demonstrated that many of the physiological, cellular, and 
molecular rhythms that are present within the retina are under the control of a 
retinal circadian clock, or more likely a network of hierarchically organized 
circadian clocks that are present within this tissue (Tosini et al., 2008).
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A direct stimulatory effect of ambient light is superimposed on the underlying 
circadian rhythmicity, as light stimulates DA release by amacrine cells 
(Witkovsky, 2004), although its precise impact on the target cells and the 
mechanisms of action are, in many cases, still controversial. Light adaptation is 
accompanied by a wide set of changes at the molecular and cellular levels, such 
as in the expression of photopigment genes and ion channels, protein 
translocation, trophic function, protection from light–induced damage and 
electrical coupling between neurons (Witkovsky and Schutte, 1991). Because 
endogenous neuromodulators participate in light/dark adaptation, they likely 
mediate part of these molecular responses of retinal neurons: their receptors are 
distributed throughout the retina. Of relevance for the work presented in my 
thesis, extensive evidence implicates DA in the dynamic regulation of electrical 
coupling between retinal neurons in response to changes in ambient light and 
time of day. This regulation has been reported to occur at several stages in the 
retina: between photoreceptors, between AII amacrine cells, and among RGCs 
(Bloomfield and Völgyi, 2009). The functional impact that DA and other 
endogenous modulators have on each individual stage of visual processing is 
still unclear, as despite many years of research effort from many laboratories, 
using different techniques, the emerging evidence is in striking disagreement.
To shed light on the overall impact of DAergic modulation in vision, Jackson et 
al. (2012) used a mouse model of retina-specific DA deficiency (rTHKO). With 
non-invasive electrophysiological and psychophysical techniques in intact mice 
they found that DA is necessary for high-resolution/light-adapted vision. During 
daytime, when a high luminance allows high-contrast/high-resolution vision, the 
cone system dominates retinal output. This work confirmed the critical role of 
DA in the daily reconfiguration of the retina, since dark-adapted 
electroretinograms (ERGs) were normal in rTHKO mice, while light-adapted 
ERGs were reduced in amplitude, and their circadian regulation abolished.
Melatonin modulates many retinal important functions by interacting with a 
family of G-protein-coupled receptors negatively coupled with adenylate 
cyclase. In mouse, melatonin receptors type 1 (MT1) mRNAs have been 
localized in photoreceptors, inner retinal neurons, and ganglion cells (Meyer et 
al., 2002). Melatonin appears to be important for retinal processing (Tosini et al., 
2008) as it is required for the expression of circadian rhythmicity in the photopic 
electroretinogram (ERG) of C3H mice (one of the few strains of laboratory mice 
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that expresses physiological levels of melatonin) and MT1 the receptor mediates 
this phenomenon. Indeed, a circadian rhythm in the photopic ERGs was absent 
in MT1−/− mice (Sengupta et al., 2011). Unexpectedly, this action of melatonin 
did not involve the dopaminergic system, as circadian regulation of DA and 
DOPAC remained unaltered. Interestingly, a previous study had shown that 
removal of melanopsin (not melatonin!) may affect the circadian regulation of 
the photic ERG through an entirely intraretinal communication by ipRGCs, 
showing a result extraordinarily similar to that obtained in MT1−/− mice. Thus, 
MT1 may be involved in ipRGCs signaling (Sengupta et al., 2011).
1.3.4 Dopamine in the Regulation of Gap Junctions
The literature on DA in in the retina is extensive. Here I will focus on the theme 
of my thesis: the role of DA in the regulation of electrical coupling.
The first solid evidence for an involvement of DA was obtained in fish horizontal 
cells (Mangel and Dowling, 1985). In horizontal cells D1 receptors promote gap 
junctional uncoupling (Fig. 1.3.4 A), an effect observed in a wide range of 
species including primates (Zhang et al., 2011). Nevertheless, many aspects of 
the effective impact of DA on GJs, mainly at other retinal sites are still 
controversial. Ribelayga et al. (2008), by using tracer labeling and electrical 
recording in the goldfish retina and tracer labeling in the mouse retina, suggested 
that the retinal circadian clock controls the extent and strength of rod-cone 
coupling by activating D2-like receptors, so that coupling is weak during the day 
but remarkably robust at night (Fig. 1.3.4 B). More recently Ribelayga and 
Mangel (2010) supported their interpretation of the tracer labeling experiments 
in mouse by through indirect electrophysiological evidence collected in rabbit 
horizontal cells. The same authors participated in a newly published study in 
mouse, again suggesting, through tracer coupling, a DAergic modulation of 
inter-photoreceptor GJs (Li et al., 2013). These data would be the main evidence 
of a dynamic regulation of rod-cone coupling in mammals. Surprisingly, the only 
direct tests so far on the modulation of rod-cone coupling, done in the macaque, 
ruled out a modulatory role for DA (Schneeweis and Schnapf, 1999). Similar 
conclusions were reached for cone-cone coupling (DeVries et al, 2002; Li and 
DeVries, 2004). Even in lower vertebrates retinas, in which photoreceptor 
coupling modulation has been investigated extensively, there is striking 
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disagreement in the literature, 
with some studies reporting that 
DA promotes, rather than inhibits 
rod-cone coupling (Krizaj et al., 
1998).
This disagreement over the role 
of DA in the coupling between 
photoreceptors sees an 
interesting parallel at the level of 
AII amacrine cells. AIIs form 
gap junctional contacts with each 
other, and multiple evidence 
suggest that their coupling 
strength is regulated by ambient 
light levels (Fig. 1.3.2) to 
optimize signal flow in relation 
to biological noise. Other 
evidence has implicated DA in 
GJ uncoupling in daylight, as 
DA reduced tracer diffusion 
through the amacrine AII cell 
network (reviewed in Hartveit 
and Veruki, 2012). However, two 
major issues stand out. First, it 
has been reported that in 
complete darkness AIIs are 
relatively uncoupled (Fig. 1.3.2). 
If confirmed, this result strongly 
suggests that DA would not be 
sufficient to account, by itself, 
for the regulation of GJs at this 
level. Second, direct electrophysiological measurements of the effect of DA on 
the junctional conductance between AIIs found no effect (Demb and Singer, 
2012; Hartveit and Veruki, 2012). Clearly, despite the long-standing axiom that 
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Figure 1.3.4. D1-like and D2-like dopamine receptor 
signaling pathways in  the retina. (* the involvement of 
PP2A has been shown only in AII amacrines).
DA coordinates dark/light adaptation in the retina, major aspects of its role 
remain contradictory.
In addition to GJs, it has been shown that DA is also implicated in regulating 
glutamatergic and GABAergic synaptic transmission, voltage-gated ion 
channels, cAMP metabolism and melatonin synthesis (Iuvone et al., 2005; 
Witkovsky, 2004).
1.3.5 Intracellular Signaling Pathways and Junctional Coupling
The conductance of GJ channels depends upon the conformational arrangement 
of the individual connexin subunits. The control of channel gating takes place in 
the cytoplasmatic region, and is regulated by several factors. Numerous protein 
kinases are involved in the phosphorylation of serine aminoacid residues, mainly 
on the intracellular loops and the carboxyl terminal. This phosphorylation is 
implicated also in trafficking, assembly and disassembly of GJs. Protein kinases, 
in turn, can be modulated by a numbers of factors: the Ca2+-calmodulin system, 
cAMP and cGMP. Importantly, the light–activated neuromodulators DA and 
nitric oxide (NO), which are released by different amacrine cell subtypes, 
activate a number of intracellular pathways involving cAMP- and cGMP-
dependent protein kinases. This results in the phosphorylation or 
dephosphorylation of connexins, and changes in the conductance of fully 
assembled GJs. DA seems to modulate the conductance of GJs through two 
different signaling pathway mediated by D1-like and D2-like receptors subtypes, 
respectively.
In the first pathway (Fig. 1.3.4 A), D1-like receptor activation by a Gs protein 
entails an increase in [cAMP]intracellular, leading to PKA activation. This pathway 
has been implicated in the regulation of GJs between horizontal cells (HC-HC), 
AII amacrine cells (AII-AII), different types of amacrine cells (AC-AC), and 
between amacrine and retinal ganglion cells (AC-GC) (Lasater et al., 1987; 
Kothmann et al., 2008; Mills et al., 2007). The regulatory interaction between 
PKA and its target connexin in AII amacrines, Cx36, has recently seen an 
important revision. Until 2009, it was thought that PKA directly phosphorylated 
connexins, and that this phosphorylation reduced channel conductance (Urschel 
et al. 2006), thus explaining the dopaminergic decoupling of the AII cell 
42
network. Kothmann et al. (2009) demonstrated instead that PKA acted on protein 
phosphatase 2A (PP2A), which in turn dephosphorylated Cx36. Importantly, 
they concluded that dephosphorylation decreases conductance, and not vice 
versa.
In the second pathway (Fig. 1.3.4 B), DA binds to D2-like receptors and reduces 
the light-sensitive pool of cAMP by inhibition of type 1 adenylyl cyclase (AC1), 
an enzyme mainly involved in cAMP production in dark-adapted conditions 
(Jackson et al., 2011). A lower [cAMP]intracellular reduces PKA activation, thus 
decreasing the  probability that two regulatory sites on Cx36 are phosphorylated. 
This D2-like pathway of modulation would regulate junctional coupling between 
rod and cone photoreceptors (R-C), ganglion cells (GC-GC), and between 
ganglion cells and amacrine cells (GC-AC) (Ribelayga et al., 2008; Mills et al., 
2007).
Recently, a new regulatory pathway has been identified in AII amacrine cells, 
activated by glutamate spillover from ON-type bipolar cells binding to non-
synaptic NMDA receptors co-localized with the junctional contacts between 
neighboring AIIs (Kothmann et al., 2012). NMDA (N-methyl-D-aspartate) 
receptors allow Ca2+ entry, which would activate calcium/calmodulin-dependent 
kinase II (CaMKII), leading to phosphorylation and opening of Cx36-mediated 
GJs. This mechanism would operate in concert with DA-mediated uncoupling to 
create the ‘bell’ shaped dependence of coupling on ambient light (Fig. 1.3.2).
Additional mechanisms local to the given coupled neuron may be at play. For 
example, light has been suggested to modulate rod-cone gap junctions through a 
signaling pathway local to the photoreceptors and independent from DAergic 
modulation (Heikkinen et al., 2011). Cone-driven flash responses, mass-recorded 
in the in vitro mouse retina with electroretinography (ERG), increase as much as 
two-fold over the course of several minutes during exposure to background light 
(Heikkinen et al., 2011). These results have been interpreted as being consistent 
with the idea that cone light responses are partially shunted in darkness by 
junctional coupling to rods. If this coupling was reversibly blocked by mesopic 
illumination this would abolish shunting, thereby increasing cone responses.
Chemical synapses have been known for long to exhibit many forms of 
modulation and plasticity, including activity-dependent long-term potentiation 
(LTP; Lømo, 2003), which underlies learning and memory. Electrical synapses, 
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on the other hand, were believed to be passive intercellular conduits, having 
little or no dynamic control, particularly in the long-term. This picture has now 
radically evolved. The first demonstration of activity-dependent plasticity of GJs 
was given at mixed electric/chemical synapses between sensory afferents and 
reticulospinal neurons. This potentiation required an increase in intracellular 
calcium and involved activation of NMDA receptors (Yang et al., 1990). More 
recently it has been shown that the activation of metabotropic glutamate 
receptors, via endogenous neurotransmitter release or by exogenous agonist, 
causes long-term reduction of electrical synapse strength between the inhibitory 
neurons of the rat thalamic reticular nucleus (Landisman and Connors, 2005). 
These findings clearly demonstrate how sophisticated the regulation of GJs can 
be, suggesting that analogous mechanisms may be found in the future also in the 
retina. Hints of a long-term regulation of coupling strength in the retina are 
present in the literature. For example, a recent paper reported on the diurnal and 
circadian regulation of Cx36 transcript and protein in the mammalian retina. The 
authors found that the circadian control of Cx36 phosphorylation and protein 
expression is dependent on melatonin, whereas the circadian regulation of Cx36 
transcript expression may be controlled directly by the circadian clock (Katti et 
al., 2013).
1.4.4 State of the Art and Open Questions in Rod-Cone Coupling
As discussed above, gap junctions between mammalian rods and cones were 
documented unequivocally by freeze fracture techniques and electron 
microscopy in the early 70‘s, showing that an anatomical substrate existed that 
could allow the highly sensitive rods to feed their signals directly into the cone 
pathway. Early but limited physiological evidence showing that rod signals 
could be detected in cones, presumably as a result of these gap junctions, was 
obtained in the retina of cat (Nelson, 1977). It was only in the 90‘s that the first 
patch clamp recordings from mammalian photoreceptors were published, in 
Science (Schneeweis and Schnapf, 1995), reporting that macaque cones receive 
significant input from rods. They stimulated cones with flashes of light of either 
500 nm or 660 nm wavelength, whose respective strength was adjusted to evoke 
equal numbers of absorbed photons by the cone’s opsin molecules: the response 
at 500 nm had a prominent slow hyperpolarizing after-potential, which 
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represented the rod component in the cone’s photovoltage. The subsequent 
studies investigated some of the properties of rod-cone coupling (Schneeweis 
and Schnapf, 1999; Hornstein et al., 2005). Similar data were also obtained for 
cone-cone coupling (Hornstein et al., 2004). Recently, very limited data has been 
obtained also in ground squirrel (Li et al., 2010), an animal whose retina is 
dominated by cones, in contrast to that of the mouse and also of humans (except 
for the foveal area). Surprisingly, while the mouse has become a key model in 
vision research (Huberman and Niell, 2011), rod-cone GJs are present 
(Tsukamoto et al., 2001), and indirect electrophysiological data suggests that 
they are functional (see section on Cx36), direct proof of coupling obtained in 
the photoreceptors themselves is still lacking. Moreover, recent recordings from 
mouse cone bipolar cells have led to suggest a minor role for this route in overall 
rod signaling (Pang et al., 2010, 2012).
Rod-cone coupling plays a role in dark/light adaptation, although several 
important aspects of its function remain unclear. Light and dopamine (DA) were 
found to promote rod-cone coupling in two amphibian retinas (Yang and Wu, 
1989; Krizaj et al., 1998), while opposite effects were described in fish 
(Ribelayga et al., 2008). In mammals, indirect evidence suggests a DAergic 
circadian and light-dependent modulation of rod-cone coupling in mouse and 
rabbit (Ribelayga et al., 2008; Ribelayga and Mangel, 2010; Heikkinen et al., 
2011; Li et al., 2013). Surprisingly, the only direct test so far, done in macaque, 
did not observe modulatory effects of rod-cone coupling, neither by DA nor by 
light (Schneeweis and Schnapf, 1999). These data parallel analogous results 
from direct tests in AII amacrine cells recorded with whole cell patch clamp, 
which, despite extensive indirect evidence in favor of coupling modulation by 
DA (reviewed in the previous sections), found no effect of DAergic receptor 
agonists/antagonists (Demb and Singer, 2012; Hartveit and Veruki, 2012). 
Moreover, the complex light-dependent modulation of amacrine cell coupling 
(Fig. 1.3.2), and recent molecular studies (Kothmann et al., 2012) strongly 
suggest that signaling pathways independent from DA must be involved in 
regulating junctional conductances.
Key questions that must be addressed are thus: (1) is rod input present in mouse 
cones, and if so, is it functionally relevant? (2) is rod-cone input hardwired, or 
can it undergo plastic change? (3) if it is plastic, what is its functional latitude? 
(4) what is the effect of the endogenous neuromodulators? In my thesis I 
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attempted to address these issues, a project which required us to develop new 
techniques to gain access to single mouse cones with path clamp. Previously, 
mouse cones had been recorded only with a suction pipette technique (Nikonov 
et al., 2005, 2006), which did not allow to examine junctional coupling and rod 
input.
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2 Materials and Methods
2.1 Electrophysiology
2.1.1 Dissection, Slicing and Extracellular Solutions
All procedures involving the handling of experimental animals were approved 
by the Ethical Committee of the University of Pisa and were conducted in 
accordance with Italian (D.lgs.vo 116/92) and EU regulations (Council Directive 
86/609/EEC). Adult mice of the C57BL/6J strain (>P27), raised on a 12 hrs day/
12 hrs night cycle, were dark–adapted for 3–5 hours before dissection. All 
procedures were performed with a naked eye under very dim illumination in the 
far red (LEDs with peak emission at 720 nm; Chen Guang Optoelectronic, 
Jiangmen City China). Following anesthesia by i.p. injection of 2,2,2–
tribromoethanol (Sigma–Aldrich, St. Louis MO; 15 mg/kg), each retina was 
rapidly extracted through a corneal incision into cold (~5–7℃) O2/CO2 bubbled 
Ames’ medium integrated with sodium bicarbonate, and the vitreous delicately 
removed with forceps. The main constituents of Ames’ medium (A1420; Sigma–
Aldrich) were in mM 120 NaCl, 22.6 NaHCO3, 6 D–Glucose, 3.1 KCl, 1.2 
MgSO4, 1.1 CaCl2, 0.5 KH2PO4, 0.5 L–Glutamine. Under continued immersion 
in cold Ames’, a retina was laid vitreal side down on filter paper (3 or 5 µm pore 
size; Millipore, Billerica MA), made to adhere to it by gentle transmural suction, 
and slices of 250 µm thickness were cut with a manual tissue chopper (mod. 
600; The Vibratome Company, St. Louis MO). All slices were immediately 
transferred to the recording chamber and brought to ambient temperature. 
Overall, retinal tissue was kept at low temperature for ~45 min. Slices were 
visualized in the near IR (LED with peak emission at 780 nm) with a 
monochrome CCD camera attached to an upright microscope (Leica 
Microsystems, Wetzlar Germany) while being continuously superfused with 
bicarbonate–buffered Ames’ medium (Fig. 2.1.1). Bath temperature was 
monitored by a precision miniature platinum resistor (P1K0.232.6W; Innovative 
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Sensor Technology, Wattwil Switzerland) connected to a calibrated custom–built 
metering circuit. Gap junctions were blocked with meclofenamic acid (Sigma-
Aldrich, St Louis, MO, USA). Dopamine D2-like receptors were blocked with 
Spiperone (8 - [3 - (p - Fluorobenzoyl) propyl] - 1 - phenyl - 1,3,8 - triazaspiro 
[4.5] decan - 4 - one; Sigma-Aldrich). Dopamine (2 - (3,4 - Dihydroxyphenyl) 
ethylamine hydrochloride; Sigma-Aldrich) was also used.
2.1.2 Perforated Patch-Clamp Recordings from Mouse Retinal 
Neurons
Recordings were mainly obtained during the subjective afternoon of the animal. 
Experiments were done either near room temperature (bath maintained in the 
range 23.5–24.5℃), or near body temperature (35.5–36.5℃). Pipettes were 
pulled with a P–97 (Sutter Instrument, Novato CA) and filled with a solution 
containing in mM 90 Kaspartate, 20 K2SO4, 15 KCl, 10 NaCl, 5 Pipes, 
corrected to a pH of 7.20 with KOH/HCl. The back–filling solution also 
contained 0.5 mg/ml Lucifer Yellow (LY), and 0.4 mg/ml Amphotericin–B pre–
dissolved in DMSO at 60 mg/ml (Sigma–Aldrich). Recordings were targeted to 
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Figure 2.1.1. Mouse retinal slice visualized in the infrared with DIC microscopy. Proceeding  from 
the inner retina outward, layers are:  ganglion cell layer (GCL), inner plexiform layer (IPL), inner 
nuclear layer (INL), outer nuclear layer (ONL), inner segments (IS), outer segments (OS).
slice areas displaying intact and orderly arranged outer segments up to the cut 
surface. Photoreceptors were recorded with the blind patch technique, advancing 
6–9 MΩ pipettes (PG52165; WPI, Sarasota FL) in the outer nuclear layer to a 
depth of a few tens of microns (i.e. deeper than the first cell layers). A seal was 
formed, followed immediately by patch perforation (access resistance 50–250 
MΩ). All cells recorded in the outer nuclear layer could be identified as being 
either Müller glia (unique voltage–gated currents, slow light response, 
hyperpolarized potential), rods (high sensitivity, quantal responses, Ih current) or 
cones (low sensitivity, fast response kinetics, Ih current). Recordings were made 
with an Axopatch 1D amplifier, low–pass filtered at 500 Hz, digitized at 5 kHz 
and acquired by pClamp software (Axon Instruments, Foster City CA). Input 
resistances were estimated at the beginning of recordings by holding the 
photoreceptor at its dark membrane potential and delivering depolarizing steps 
of 3 mV in voltage–clamp. In these small neurones input resistance 
measurements are likely to be affected by the finite pipette–cell seal resistance 
(Barry and Lynch, 1991), and should be regarded as lower estimates. At the end 
of an experiment a cell could be stained with LY by rupturing the patch. 
Fluorescence images acquired on different focal planes were blended to 
reconstruct cell morphology. Based on the quantitative analysis of liquid 
junction and Donnan potentials predicted to be present in my perforated–patch 
recordings (Cangiano et al., 2012) I report uncorrected values of membrane 
potentials throughout this thesis.
The mean probability that a recorded photoreceptor was a cone, calculated on an 
unbiased subsample of our recordings was 22%, a significantly higher rate than 
the cone numeric proportion of 3%. Assuming random sampling and defining 
Psealrod and Psealcone as the probabilities of sealing on a rod or cone once the 
pipette is in proximity of the corresponding photoreceptor, this can be expressed 
as:
0.03Psealcone = 0.22(0.97Psealrod + 0.03Psealcone)   (1)
and thus,
Psealcone = 9.1Psealrod        (2)
Psealrod and Psealcone are themselves the product of two underlying probabilities: 
that of the photoreceptor surface being free from glia, and that of the pipette 
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forming a stable gigaseal on the cell membrane. The probability of not sealing 
on a photoreceptor on any given attempt is expressed by:
Punsuccess = 1 – 0.97Psealrod – 0.03Psealcone    (3)
Now, imposing the obvious constraint that Psealcone ≤ 1, it follows from eqs. 2 and 
3 that:
Punsuccess ≥ 0.86       (4)
This condition was indeed satisfied in my recordings (our combined rate of 
failed seals and those made on glial processes was greater than 90%), implying 
that a sufficient margin was present for a strong recording bias in favor of cones 
(eq. 2).
2.1.3 Light Stimulation Protocols
Full field stimuli of unpolarized light were delivered to the preparation by a 
green LED (520 nm; model OD520; Optodiode Corp., Newbury Park CA) or an 
ultraviolet LED (365 nm; model APG2C1–365–S; Roithner LaserTechnik, 
Vienna Austria), both mounted beside the objective turret and optionally 
conditioned through a neutral density filter (1.5 log units; 150FN46–25; Andover 
Corp., Salem NH). The LEDs were driven by controlled current sources, 
commanded through the analog outputs of a Digidata 1320A (Axon Instruments, 
Foster City CA). The power density of the light reaching the recording chamber 
as a function of LED drive was measured separately with an optical power meter 
equipped with a calibrated low power detector (1815–C/818–UV; Newport, 
Irvine CA). Measurements were made with the sensor positioned at the 
recording chamber. Flash duration varied between 1 and 10 ms. Unless 
otherwise stated, consecutive bright flashes were delivered at intervals of 12 s or 
more. The photon flux density reaching the photoreceptors was derived from the 
measured power density, and was likely to be overestimated by differing degrees 
across recorded cells due to reflection at the air–water interface and absorption 
by the surrounding tissue, including retinal pigment epithelium. Outer segments 
could be oriented at a variety of angles with respect to the direction of incident 
light.
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Figure 2.1.3. The different flash 
sensitivities, kinetics and spectral 
preferences of rods and cones can be 
exploited to determine their level  of 
coupling. A (upper graph): Recent 
photovoltage recordings from mouse 
cones observed an unexpectedly high 
flash  sensitivity for these photoreceptors. 
Dashed lines in the middle reproduce 
green flash response profiles from 
spectrally unidentified cones recorded 
with  patch  (Cangiano et  al., 2012; 24℃). 
Thin continuous lines on the right are 
estimates of mouse M–cone (green cone) 
flash  response profiles derived from 
suction electrode recordings by Nikonov 
et al. (2006; Table 1; 35–37℃):  wt, wild 
type with a rod–saturating background; 
Gtα−/−, functionally rodless without  light 
background. The thick line and shaded 
area on the left show the mean ±  1 SD of 
rod response response profiles (520 nm, 
green) from patch and loose seal 
recordings in the present study (n=16, 
24℃); in each rod, data were fit with 
Michaelis–Menten functions; thereafter, 
fits were averaged together. A (lower 
graph): Rod flash response duration 
(mean and SD), quantified by its width  at 
50% amplitude, and obtained here with 
loose seal recordings to avoid kinetics 
rundown (n=4, 24℃; see also Cangiano 
et al., 2012). Both graphs were used to 
select dim and bright flashes for the 
protocols used in  our experiments (B and 
C), which aimed at  dissecting a possible 
rod contribution to the high flash 
sensitivity  of cone photovoltages: dim 
flashes (dim = 16.6 photons/µm2) elicited 
large responses in rods while being too 
weak to stimulate cones, while bright 
flashes (brighta =  1570, brightb = 3140 
photons/µm2) where sufficient to saturate 
rods for >1 s and evoke moderate 
responses in cones. These flashes were 
combined to  construct the following protocols. B: Sensitivity and  kinetics protocol (SKp) made of 
three sequences of 520 nm flashes, each consisting of dim/bright/dim flashes with the third flash 
occurring at increasing delays. Expected responses in a rod, an uncoupled cone, a coupled cone. C: 
Spectral preference protocol (SPp) made of four sequences of dim and bright flashes at both 520 
nm and 365 nm, and expected responses in an uncoupled and a coupled S-dominated cone (S/M). 
Rod input in recorded cones was dissected by delivering a sensitivity and 
kinetics protocol (SKp) and a spectral Preference protocol (SPp). These 
consisted of a mix of dim and bright flashes, which could be delivered at 520 nm 
(green, G) or at 365 nm (ultraviolet, UV). Dim flashes (16.6 photons/µm2) were 
sufficiently strong to elicit a significant response in rods (Fig. 2.1.3 A, upper 
graph; our data), but expected to be too weak to directly stimulate cones (Fig. 
2.1.3 A, upper graph; data from suction electrode recordings by Nikonov et al., 
2005, 2006). Bright flashes (brighta =  1570, brightb = 3140 photons/µm2) were 
sufficiently strong to saturate rods for 1–2 s (Fig. 2.1.3 A, lower graph, our data) 
and expected to evoke a measurable response in cones (Fig. 2.1.3 A, upper 
graph).
The SKp (Fig. 2.1.3 B) was designed to detect rod input in cones by exploiting 
the high sensitivity of rods and their slow recovery after a saturating flash. A dim 
G test flash was delivered both before a brighta G flash, and at three increasing 
delays following it (1, 2.5, 4 s). Observing in cones: (1) a response to the first 
dim flash, (2) a slow plateau after the bright flash, and (3) a progressive recovery 
of the dim flash response, would be evidence for rod coupling.
The SPp (Fig. 2.1.3 C) was instead designed to determine the impact of rod 
coupling on the spectral preference of cones, as well as to explore a possible 
relationship between cone opsin expression and coupling strength. The cones’ 
apparent spectral preference was determined by alternating green and ultraviolet 
flashes of the same strength (equal number of photons/µm2) This was carried out 
for dim and brightb flashes. The cones’ intrinsic preference was determined by 
delivering G/UV brightb flashes after a green rod saturating preflash: a majority 
of mouse cones express some amount of short wavelength S-opsin (Applebury et 
al., 2000), and should thus have a greater sensitivity to UV over G light, 
compared to rods.
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When coupled the cone should prefer dim green flashes to ultraviolet ones, while the opposite 
should  occur with bright flashes. The cone’s intrinsic preference should be unmasked by inserting a 
rod–saturating preflash. This figure contains data originally published in Cangiano et al. (2012).
2.2 Mouse Genotyping
For most experiments in this thesis I used wild type mice of the C57BL/6J strain. 
A limited number of preliminary recordings was also made in mice lacking a 
functional connexin 36 (Cx36), kindly provided by Dr. Karin Dedek of the 
University of Oldenburg (Cx36 del[LacZ] mouse line; Degen et al., 2004; 
Feigenspan et al., 2004). Knockout mice were obtained by intercrossing fertile 
heterozygous animals, and identified by genotyping with PCR according to the 
following precedure. (1) Genomic DNA extraction; a small portion of the tail 
~5mm was taken from early postnatal offspring (P7–14); separation of DNA 
from cellular components was divided into three stages: a. disruption and lysis 
using freshly made lysis buffer (Tris-HCL 100 mM, EDTA 5 mM, SDS 0.2%, 
NaCl 200 mM); b. removal of proteins by adding Proteinase K 100 µg/ml to the 
lysis buffer, and incubating at 65°C overnight to perform digestion; c. protein 
and other contaminant precipitation from the cell lysate by ‘salting-out’ and prior 
to adding of isopropanol. Then, the DNA was recovered by isopropanol 
precipitation, washed with ethanol 70% and melted again in T.E. buffer (Tris-
HCl 10 mM, EDTA 1 mM, pH 8–8.5), and incubated at 65°C. d. quantification 
of extracted DNA. (2) PCR genotyping; 0.5 µg of total genomic DNA was used 
to run PCR reactions using the RedTaq PCR-mix (Sigma-Aldrich) and the 
following primer sets:
Primer 1: Cx36 intron lacZ, 5' TGC ATT TGC CAG AGT AAA GGT GCG 3'
Primer 2: Cx36 branch lacZ, 5' TTC TGT TTC AGC GCT TAC CAG TCC 3'
The PCR was performed at 95°C for 15 minutes, 40 cycles at 95°C for 1 minute, 
70°C for 2 minutes, and finally 72°C for 8 minutes. Probes were separated on 
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Figure 2.2. Green gel stained PCR 
products after gel electrophoresis. Two 
sets of primers were used  to amplify a 
target sequence from seven different 
tissue samples, collected from 7 mice 
belonging to the same litter. Only 
amplification of Cx36 intron lacZ is 
present in sample 1 (330 pb); only 
amplification of Cx36 branch lacZ is 
present in sample 3 (220 pb); both Cx36 intron and branch lacZ bands are present in sample 2, 5 
and 6. Samples such as number 5, which gave ambiguous results, were re-genotyped or not used. 
The gel also shows a DNA ladder (Biorad) containing DNA fragments of defined length for sizing 
the bands in the experimental PCRs.
2% agarose gel (Sigma-Aldrich), and amplicons were visualized by Green gel 
(Società Italiana Chimici). The resulting Cx36 amplicon had an estimated size of 
220 bp, while the wt amplicon of 330 bp (Fig. 2.2).
2.3 Modeling
The effect of rod coupling on cone photovoltages was explored in silico using an 
equivalent circuit (Fig. 3.11 A inset) based on several simplifications: i) The pool 
of rods coupled to a given cone was lumped into a single light– and time–
dependent voltage source Vrods, the main assumption being that due to a low rod 
to cone divergence (Tsukamoto et al., 2001) rod photovoltages may be weakly 
affected by coupling to cones; ii) A quasi–stationary, purely resistive description 
of the system was employed; iii) Each photoreceptor was assumed to be 
isopotential; iv) Voltage–gated conductances known to shape photovoltages in 
rods (e.g. Ih and Ikx; Della Santina et al., 2012) were incorporated in the 
measured light– and time–dependence of Vrods; no provision was made for 
analogous conductances in cones; v) The dark membrane potential of uncoupled 
rods and cones was assumed to be –40 mV, with saturating flash responses 
having a peak amplitude of 25 mV in both photoreceptors; vi) Rod-cone gap 
junctions were assumed to be voltage-independent.
Conservation of charge implies that in any given recorded cone,
gIS(EIS – Vcone) + gOS(EOS – Vcone) + ∑gGJ(Vrods – Vcone) = 0  (5)
and thus,
Vcone = (gISEIS + gOSEOS + ∑gGJVrods)/(gIS + gOS + ∑gGJ).  (6)
The peak value of gOS vs. flash strength of a given wavelength was modelled by 
a Michealis–Menten function, which fits reasonably well mouse cone 
photocurrents (Nikonov et al., 2006),
gOS = gOS_dark(1 – i/(i + icone1/2)).     (7)
The pure M cone of fig. 3.11 A was modelled using an icone1/2 of 3448 
photons·µm–2 @520 nm and the pure S cone of fig. 3.11 B using 3226 
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photons·µm–2, mean values of the estimates of Nikonov et al. (2006) for wt 
cones with a rod-saturating background and those for functionally rodless 
(Gtα–/–) cones. The remaining pair of icone1/2 values for a pure M cone @365 nm 
and for a pure S cone @520 nm were computed based on Govardovskii et al. 
(2000a) assuming a β-band peak of 20% for M opsin and a drop of 4 log-units in 
S opsin absorbance at the longer wavelength, respectively. Using for EOS a value 
of +10 mV, the conditions set forth in point (v) and eqs. 6–7 lead to a value for 
EIS of –65 mV and the relation gIS = 2gOS_dark. Eq. 6 can be also written as:
Vcone = (–120mV – 10mV(i/(i + icone1/2)) + cfVrods)/(3 – i/(i + icone1/2) +
 + cf)        (8)
where cf = ∑gGJ/gOS_dark is a dimensionless fractional coupling coefficient.
The rods’ flash response amplitude for a given wavelength was modelled by a 
Michealis–Menten function (Cangiano et al., 2012). The incomplete recovery of 
the rod dark membrane potential between consecutive bright flashes (13 s 
interval in our protocols) was accounted for by a function of j, the strength of the 
preceding flash. Thus,
 Vrods = –65mV + 25mV(1 – i/(i + irods1/2))(1 – jh/(jh + j1/2h))  (9)
Average values for the missing parameters in eq. 9 were estimated from our rod 
recordings: @520 nm irods1/2 = 12.3 photons·µm–2 (n=16), j1/2 =  1.66×105 
photons·µm–2 (n=2), and h = 0.70 (n=2), and using the relative spectral 
sensitivity of rods: @365 nm irods1/2 =  31 photons·µm–2, j1/2 = 4.15×105 
photons·µm–2, and h = 0.70.
Finally, eqs. 8–9 were used to calculate a cone’s response amplitude for 520 or 
365 nm flashes, at any level of fractional coupling:
ΔVcone(i,cf,j) = Vcone_dark – Vcone_flash = Vcone(0,cf,Vrods(0,j)) –
 – Vcone(i,cf,Vrods(i,j))      (10)
Data are reported as mean and SD (standard deviation), SEM (standard error of 
the mean). Statistical significance was assessed with the Mann–Whitney–
Wilcoxon (MWW) test. In all figures electrophysiological records were ‘box 
car’ filtered with a running window of 20 ms.
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2.4 Whole-Cell Recordings from AII Amacrines in Rat (at 
the University of Bergen)
For the last months of my doctoral studies I was hosted in the laboratory of 
Professor Margaret Veruki, Department of Biomedicine, University of Bergen, 
Norway with the goal of developing an intracellular perfusion technique. During 
this time, I was supported by an Yggdrasil mobility fellowship from the 
Research Council of Norway. The ability to perfuse the same neuron with one of 
several solutions, while maintaining a stable whole cell recording, will be 
instrumental in determining the intracellular pathways involved in the run-up of 
coupling. Examples of the mechanisms that may be investigated with this 
technique are the interaction between the nonsynaptic NMDA receptor pathway 
in AII amacrine cells and Cx36, and the possible role of changes in intracellular 
pH.
Experiments in Bergen involved albino rats (4–7 weeks postnatal), deeply 
anesthetized with isoflurane and euthanized by cervical dislocation (procedure 
approved under the surveillance of the Norwegian Animal Research Authority). 
Retina slices were obtained as described in (Hartveit, 1996), and visualized with 
a x40 water-immersion objective and infrared differential interference contrast 
microscopy. The extracellular perfusing solution was continuously bubbled with 
95% O2/5% CO2 and had the following composition (in mM): 125 NaCl, 25 
NaHCO3, 2.5 KCl, 2.5 CaCl2 , 1 MgCl2 , and 10 glucose (pH 7.4). Recording 
pipettes (5–7 MΩ) were pulled from borosilicate glass capillaries. The pipette 
intracellular solution had the following composition (in mM): 125 K-gluconate, 
10 NaCl, 1 CaCl2, 5 EGTA, 10 Hepes, and 4 MgATP (pH was adjusted to 7.3 
with KOH). All recordings were performed at room temperature (22–25°C). 
Voltage clamp recordings were made with an EPC9/2 amplifier controlled by 
PatchMaster software (HEKA Elektronik, Lambrecht, Germany). For voltage 
clamp recordings, cells were held at a membrane potential of –60 mV. To learn 
and optimize intracellular perfusion during whole cell recordings, I used QX-314 
chloride (N-Ethyllidocaine chloride), a Na+ channel blocker, added directly to 
the intracellular solution and perfused during recordings by means of a 2PK+ 
instrument (ALA Scientific Instruments, New York). The advantage of using this 
intracellular perfusion technique, as opposed to simply including a drug in the 
patch pipette, is that it allows a controlled and prolonged initial control (“base-
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line”) phase. The concentration of the QX-314  in the perfusion solution was 2 
mM. AII amacrine cells were visually identified for recording according to the 
following criteria: (1) localization of the cell body in the more internal part of 
the INL, at the interface with IPL; (2) medium size of the cell body, and (3) the 
characteristic thickness of the primary dendrite, which becomes thinner as it 
descends into the IPL (Fig. 2.4-2 A) (Boos et al., 1993, Mørkve et al., 2002, 
Veruki and Hartveit, 2002).
Consistent with previous reports, characteristic spontaneous unclamped action 
currents appeared in all AII amacrine cells (Fig. 2.4-2 B) (Veruki et al., 2003). 
When small depolarizing steps of 5 mV were applied in voltage clamp, the same 
spike-like currents were evoked (Fig. 2.4-2 D). These are known to be dependent 
on voltage-gated sodium channels, and thus inhibited by QX-314 (Boos et al., 
1993, Mørkve et al., 2002). To optimize the intracellular perfusion with the 2PK
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Figure 2.4-1. The 2PK+ apparatus is 
designed to enable intracellular 
delivery of drugs during whole cell 
patch clamp or sharp electrode 
recordings and/or imaging studies. A 
quartz capillary  (red line) is coated 
with  polyamide, so as to acquire 
extreme flexibility  and durability, 
and positioned inside the recording 
pipette very near its tip. In the 
system, a polyethylene (PE) tube 
connects the quartz capillary to a 
beem capsule, placed in a positive 
pressure vessel, and filled with the 
intracellular solution chosen for 
perfusion. Quartz has excellent low 
noise characteristics. This ensures 
that high quality  recordings can be 
obtained even as perfusion is taking 
place. When one wants perfuse a cell 
during a whole cell recording, a 
positive pressure has to be applied to 
the pressure vessel, so that the 
solution  can be ejected into the 
pipette tip, were it  rapidly diffuses 
into  the cell. The negative and 
positive pressure paths of the 
apparatus have to remain open 
during this process, to maintain a stable pressure inside the pipette and guarantee a stable 
recording.
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Figure. 2.4-2. A: In vitro slice preparation of rat  retina showing an AII amacrine cell with DIC 
microscopy (arrow). B:  Trace showing action currents (arrows) and  spontaneous EPSCs (small 
events in the background) in an AII amacrine cell recorded in  the whole cell  mode of voltage 
clamp in control conditions; action currents appear due to incomplete space clamp of distal 
neuronal processes. C:  Traces showing spontaneous EPSCs in the same cell, at two different 
holding potentials; at  +70 mV the EPSCs reverse in  polarity (top trace). D: Effect of wash in and 
washout of QX-314 on action  currents evoked by depolarizing steps of 5 mV in voltage clamp. 
Graph on the right shows time course of current amplitude (first  arrow: start  of QX-314 perfusion; 
second arrow: beginning of washout). Initial blockade required about three min. Recovery of the 
action current occurred after about 12 minutes. The recording lasted about  1 hour after wash out, 
+ apparatus (Fig. 2.4-1) and identify optimal pressure parameters, I used 
QX-314 (2 mM). Experiments were carried out to determine the appropriate 
pressure parameters to allow a rapid inhibition of action currents, followed by 
their complete recovery (Fig. 2.4-2 D/E). All AIIs displayed spontaneous post 
synaptic currents (EPSCs), consistent with previous reports (Veruki et al., 2003). 
EPSCs displayed a wide range of waveforms, ranging from simple monophasic 
events, to more complex multiphasic events (Fig. 2.4-2 C, lower trace). As 
expected, the spontaneous EPSCs reversed polarity when the holding potential 
was stepped to +70 mV (Veruki et al., 2003). The upper trace in figure 2.4-2 C 
shows the change of direction of the synaptic currents (from inward to outward). 
Their reversal potential was around 0 mV, as reported in the literature (Veruki et 
al., 2003). All recorded cells were characterized also by an outward current, 
examined by delivering depolarizing voltage steps from –80 to +10 mV, of 100 
ms duration (Fig. 2.4-2 F). It is known that this prominent outward current is 
caused by the activation of voltage-dependent K+ channels (Boos et al., 1993).  
The voltage dependence of the outward current is displayed in panel G, in which 
the peak amplitude of the current is plotted as function of the command voltage. 
The currents activated at approximately –50 mV.
59
and at this time the action current showed some evidence of rundown (dots at  far right). E: 
Progressive effect of QX-314 on action currents during the first 5 min of washin. F: Voltage-gated 
currents evoked by depolarizing voltage steps and mediated by potassium channels. G: I-V plot of 
the peak potassium current versus step potential.
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3 Results
3.1 Rods and Cones Recorded in Mouse Retinal Slices
In my thesis I recorded light responding rods and cones in the outer nuclear layer 
(ONL) of wild type (n=57 cones) and Cx36–/– mice (n=6 cones) and identified by 
their functional properties and morphologies (Fig. 3.1-1). Cones in mouse are 
less than 3% of photoreceptors (Chang-Jin et al., 1998) but can be recorded 
much more frequently than their numeric proportion (see Methods), presumably 
because their cell body, axon and synaptic terminal are slightly larger than those 
of the rod (Carter-Dawson and LaVail, 1979). It frequently occurred that seals 
made in the ONL were not on photoreceptors but on Müller glia. These cells had 
hyperpolarized membrane potentials, lower input resistances, very slow 
hyperpolarizing light responses, and different voltage-gated currents from 
photoreceptors. I was able to obtain cone recordings stable up to about 2 hours; 
this was crucial for an extensive study of rod-cone coupling in the mouse retina. 
At the outset of each recording, the two photoreceptor types were distinguished 
by the marked difference in the voltage response to brief flashes of green light of 
increasing strength delivered in the dark. As expected, rods were more sensitive 
and had a slower light response than cones. At saturating strengths delivered at 
the dark membrane potential (Vdark), rods display a sagged response with a 
prominent ‘nose’ and subsequent plateau (Fig. 3.1-1 A). My laboratory has 
recently characterized the contribution of different ionic currents to this nose in 
rods (Della Santina et al., 2012). Figure 3.1-1 B (upper traces) shows a textbook 
cone response to flashes of increasing strength, with very rapid kinetics. On the 
other hand, in most cones we observed a small amplitude plateau (lower traces, 
star), which we interpreted as revealing some degree of electrical coupling from 
rods, as shown previously in macaque (Schneeweis and Schnapf, 1999). To 
begin investigating the possible presence of rod–cone coupling we analyzed the 
small plateau phase of cones. In a cone we compared flash sensitivity at response 
peak with that measured 500–800 ms after the flash (Fig. 3.1-2). The late phase 
reached saturation at least 2 log-units below the peak, matching the behavior of 
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the late phase in rods (the marked 
falloff at the highest three flash 
strengths could be due to 
depolarizing feedback from 
horizontal cells; Kamermans and 
Spekreijse, 1999).
There are no data on the voltage-
gated membrane currents of mouse 
cones. Therefore, switching to 
voltage-clamp mode I measured 
currents evoked by hyperpolarizing 
and depolarizing voltage steps 
(protocol details given in figure 
3.1-3 legend). Hyperpolarizing 
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Figure 3.1-1 Rods and cones in the mouse 
retina are accessible to patch–clamp 
recording. A: Lucifer Yellow (LY) stain of a 
rod made by going ‘whole cell’ at the end 
of a perforated patch–clamp recording 
(spherule labelled with a star; patch pipette 
still in situ). Below: rod membrane 
potential responses evoked by flashes of 
light of strength 0.79, 2.8, 8.2, 26, 79, 239 
photons/µm2. Responses are averages. B: 
LY stain of a cone (pedicle labelled  with a 
star; pipette withdrawn before image 
acquisition). Below: membrane potential 
responses of two different cones, evoked by 
flashes of light of increasing strength (cone 
1:  7.3, 16, 32, 65, 124, 240, 431, 775, 1550, 
3100, 7000, 13500 ph/µm2; cone 2:  17, 42, 
104, 253, 644, 1623, 3983, 9957, 25193 ph/
µm2) The star labels the late cone plateau. 
Responses are averages. Light  stimuli  were 
delivered in darkness using green light (rod, 
cone 1: 514 nm; cone 2: 520 nm). Data 
obtained at 24℃. Figure and legend 
reproduced with permission from Cangiano 
et al. (2012).
steps activated Ih in all recorded rods (n=13; Fig. 3.1-3, left) and cones (n=6; 
Fig. 3.1-3, middle). The complex profile of the currents expressed by rods (not 
shown) and cones (n=3) upon depolarization (Fig. 3.1-3, right) was likely to be 
the combination of specific currents previously described in mammalian 
photoreceptors, including Ikx, ICa, ICa(Cl) (Beech and Barnes, 1989; Yagi and 
MacLeish, 1994; Demontis et al., 1999; Cia et al., 2005; Lalonde et al., 2008; 
Della Santina et al., 2012). Dissecting these underlying components requires 
further experiments.
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Figure 3.1-3. Voltage-gated membrane currents in mouse cones. Left: Currents recorded in a rod in 
response to hyperpolarizing voltage clamp steps from a holding potential of –53 mV to –60/–67/–
74/–81/–88/–95/–102/–109 mV and repolarization to  –65 mV. A slow activating Ih current is 
prominent. Middle: Currents recorded in a cone in response to  hyperpolarizing steps (same 
protocol as in the rod). Ih is present  also in cones. Right:  currents in a cone in response to 
depolarizing steps from –64 mV to –57/–50/–43/–36/–29/–22/–15 mV and repolarization to  –60 
mV. Data obtained at 24°C.
Figure 3.1-2. The late plateau of 
the bright flash response (b) 
saturates at the same strength  in a 
cone as in rods while, in  the same 
cone, the peak (a) saturates >2 log–
units above. This suggests that the 
late cone plateau originates in rods 
and is transmitted via gap 
junctions. Data are mean ± SEM. 
Rods recorded in loose seal mode 
to  avoid a rundown of response 
kinetics (n=3). Light stimuli were 
delivered in darkness using green 
light (514 nm). Data obtained at 24℃. Figure and legend reproduced with permission from 
Cangiano et al. (2012).
3.2 Cones Display Rod-like Light Sensitivity and Response 
Recovery
The SKp was delivered in rods as a control (Fig. 3.2 A/B) observing, as 
expected, that: (1) the first dim G flash evoked a large response, (2) the brighta G 
flash evoked a saturating response consisting of a fast peak and plateau (for an 
analysis of the currents involved see: Della Santina et al., 2012), and (3) dim G 
flash sensitivity recovered slowly after the saturating flash. Since a previously 
described rundown of rod response kinetics following seal formation (Cangiano 
et al. 2012) was found to alter the time course of recovery from a saturating flash 
(Fig. 3.2 A1, cf. black and gray records), the SKp was also delivered in a number 
of rods recorded in loose seal mode (Perkins et al., 2004). With this technique 
light response kinetics were stable up to 6 hours (Fig. 3.2 A2). The response to 
the SKp of rods in the initial minutes of standard patch recordings (n=19; before 
a significant degree of rundown occurred) was qualitatively identical to that in 
loose seal recordings (n=17), as shown in a graph of the normalized dim flash 
response amplitudes during the SKp (Fig. 3.2 B).
In cones, the SKp protocol evoked a spectrum of responses types depending on 
the cone and on the time from seal (see next section). At one end of the spectrum 
were cones that only responded to the brighta G flash (Fig. 3.2 C, top). This 
behavior matched expectations for uncoupled cones based on suction electrode 
recordings (Nikonov et al., 2005, 2006; Fig. 2.1.3 A). On the other hand many 
cones expressed, similarly to rods, responses to the first dim G flash, a plateau 
after the brighta G flash, and a slow recovery of the dim flash response (Fig. 3.2 
C, middle/bottom; differences in noise levels depend on averaging). Comparing 
the normalized dim flash response amplitudes during the SKp in a subset of 
cones (Fig. 3.2 D, n=11) with those in rods (Fig. 3.2 B) highlights the striking 
similarity in behavior, suggesting the presence in these cones of a significant 
degree of rod input.
3.3 Sealing on Cones Triggers a Spontaneous Increase in 
Their Coupling to Rods
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In the large majority of cones I observed a progressive shift towards larger dim 
G and brighta G flash responses, and larger plateaus (Fig. 3.3). The rapid time 
course of this phenomenon implied that it was triggered by the formation of the 
seal on the photoreceptor. The net change in cone response to the SKp during the 
recording appeared to be a scaled version of the typical rod response (Fig. 3.3 
65
Figure 3.2. Cones often express rod features in  terms of dim flash sensitivity and slow recovery 
from bright flashes. A1: Response of a patched rod to the SKp in the first  minutes after establishing 
the seal (black traces). At later times, a previously-described rundown of kinetics was observed 
(gray traces; see Cangiano et al., 2012). A2: Loose seal recording showing a scaled version of the 
rod photovoltage in response to the SKp. The advantage of the loose seal approach is that  no 
kinetics rundown takes place, even in very long recordings (inset). B: Summary of rod SKp 
responses in patch (black circles; data from the first 2 min) and loose seal recordings (white 
circles). Dim flash responses were normalized to those of the bright flash (error bars are SE). Rods 
display a large response to the first dim flash and a progressive recovery after the bright flash. C: 
Responses of three separate cones to  the SKp, representing the observed spectrum of response 
types. D: Summary of SKp responses from a subset of cones that displayed large dim flash 
responses. The time course of recovery of the dim flash response after the bright flash is 
comparable to that of rods. In A,C baselines were aligned to each other (max shift 2 mV) and all 
records except C/top were averages of several sweeps.
A). The stability of cone recordings allowed me to monitor the evolution of this 
phenomenon for up to several tens of minutes. A flash strength vs. response 
amplitude graph obtained in two time ranges showed that, in the process, cones 
acquired light sensitivity at intensities normally covered by rods (Fig. 3 B). Note 
that since collecting each data set required ~10 min, a time comparable to the 
time course of the spontaneous increase: (1) the full extent of sensitivity change 
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Figure 3.3. Cones shift progressively toward a rod-like phenotype starting from seal formation. A: 
Response of a cone to the SKp delivered at 1, 6, 12 and 17 min after obtaining the seal (records are 
not averages; Vdark ≈ –44 mV). In this experiment darkness was maintained between recordings. 
The net change between the first  and the average of the last two records matches the response of 
rods (fig. 3.2 A). B: A different cone in which the SKp was delivered at  close intervals for an 
extended time. Records above compare the average responses of this cone to the SKp at the 
beginning of the experiment, with  those after >1 hr. Graph below shows the selective increase in 
dim flash sensitivity that occurred during the recording (error bars are SE). C: Time course of the 
response to the dim flash in many experiments. Each curve corresponds to a different cone, and is a 
qualitative fit to  the raw data points. In a subset of cones the amplitude of the dim flash at time zero 
(the time at which the seal was obtained) could be extrapolated with  a reasonable degree of 
confidence (horizontal segments).
could not be adequately explored with this type of analysis, (2) within each 
dataset different flash strenghts were delivered at different levels of progress of 
the phenomenon. Fig. 3.3 C shows, in simplified form, the evolution of dim G 
flash amplitude in 45 recorded cones. Clearly, its rate of increase varied greatly 
among cones, as did the value at which it appeared to settle in a limited number 
of cases. When possible we estimated the dim G flash response amplitude prior 
to patching by extrapolating to time zero the values observed in the first minutes 
of recording (Fig. 3.3 C, horizontal bars at t=0). Also this parameter displayed a 
significant spread, but most cones appeared to have been able to respond to dim 
G flashes. Overall, these data suggest that in most cones rod-cone coupling has a 
strikingly wide regulatory latitude, and that this coupling potential is not fully 
utilized under our recording conditions (see Discussion).
3.4 A Rod-Saturating Light Background Isolates the Pure 
Cone Component
If our hypothesis that cones receive rod input was true, it should have been 
possible to isolate the pure cone component by saturating rods with an 
appropriate light background. We selected a background strength of 6100 
photons/µm2s (520 nm, for 5 min) based on ex vivo ERG data in mouse 
(Heikkinen et al., 2011) and our own data from rod photovoltage responses 
obtained with patch clamp (Cangiano et al., 2012) and the loose seal technique 
(Fig. 2.1.3 A). Control experiments were performed to verify that our 
background was, indeed, rod saturating (Fig. 3.5 A1). Note that, upon return to 
darkness, rod responses to the dim and bright flashes of the SKp recovered 
completely only after ~ 2 min.
The same protocol was delivered in cones expressing dim flash responses. In 
contrast to rods, a sharp response to the brighta flash persisted during the light 
background, while the slow plateau disappeared as one would expect if it was 
generated by rods (Fig. 3.5 B1). This sharp peak could not have represented the 
residual response of hypothetically not fully saturated rods, since increasing 
flash strength evoked a marked increase in its amplitude (Fig. 3.5 B1, arrow). 
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Figure 3.5. A rod-saturating light background isolates the pure cone component. A1: Loose seal 
recording of a rod showing the complete suppression of its response to the SKp by a saturating 
light background (520 nm, 6100 photons/µm2s for 5 min; dashed line is the zero light output), and 
its rapid recovery  upon return to darkness. A2: Graphs summarizing the effect of the light 
background on three rods. The response amplitudes of the first dim flash, the bright flash and the 
plateau (0.4–0.6 s post  bright flash) were normalized to their control values. B1: Recording of a 
cone showing the effect  of the same rod-saturating background on its response to the SKp. In 
contrast to rods, a fast response component persisted in the cone during the background (arrow; 
gray trace shows the effect of increasing flash strength by a factor of 3.7). B2:  The same 
experiment was repeated in three cones. Graphs plot the response amplitudes of the first dim flash, 
the bright flash and the plateau (0.4–0.6 s post bright flash) normalized to their control values. The 
time course of recovery in cones matched that of rods. All records are averages obtained in the 
specified time ranges.
Thus, the light background allowed me to isolate, in the presence of putative rod 
coupling, the pure cone response to a bright flash. Coherently, when darkness 
was restored, the dim and bright flash responses recovered in ~ 2 min, in 
agreement with what observed in rods.
A quantitative summary of the effect of the light background in rods (n=3) and 
cones (n=3) is shown in graphs of dim flash, brighta flash and slow plateau 
amplitudes, normalized to their control values before exposure to the 
background (Fig. 3.5 A2/B2). It is evident that the time course of response 
recovery after return to darkness is comparable in rods and cones. This 
demonstrates that the peculiar features displayed by cones of high light 
sensitivity and slow kinetics, may be entirely explained by rod input fed in the 
cone pathway through GJs.
3.5 Cone Spectral Type and Rod Coupling
I used the SPp (see Methods and Fig. 2.1.3 C) to test if the presence of rod 
signals in S- and S/M-cones shifted their spectral preference towards that of 
rods. The SPp enabled me to rapidly determine the apparent spectral preference 
of cones for dim and bright flashes, as well as their intrinsic spectral preference 
by removing any rod contribution with a rod-saturating preflash. I ran the SPp in 
both type of photoreceptors and quantified spectral preference by the ratio of G 
over UV light response amplitudes for the same flash strength in photons/µm2. 
As expected, rods were more sensitive to G than to UV dim flashes (Fig. 3.5 A, 
arrows), with an estimated dim G/UV ratio of 2.7 (SEM 0.2; n=8). For both G 
and UV bright flashes, rods expressed saturating responses (ratio of 1; Fig. 3.5 
A, full box), while they did not respond to bright flashes delivered after a rod-
saturating preflash (Fig. 3.5 A, empty box).
Fig. 3.5 A shows a cone exposed to the same SPp delivered in rods. Surprisingly, 
while for dim flashes I observed a larger response to G than to UV light (Fig. 3.5 
A, arrowheads), the response to bright flashes delivered after the rod-saturating 
preflash showed that this cone had an intrinsic preference for UV light (Fig. 5 A, 
empty circle) and was therefore a mixed S/M cone. We found that all cones 
stimulated with dim flashes had a higher sensitivity to G than to UV light 
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(n=17). This behavior was 
independent of their intrinsic 
spectral phenotype in a wide 
range of G/UV ratios (Fig. 3.5 
B).
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Figure 3.5. Irrespective of their spectral 
type, for dim flash strengths cones 
respond more to green light. A: Records 
show the responses of a rod and a cone 
to  the spectral preference protocol (SPp; 
fig. 2.1 C). As expected, for dim flashes 
the rod was more sensitive in the green 
(G) than in the UV (arrows), for bright 
flashes it  expressed  saturating responses 
of equal amplitude (full box), and it did 
not respond to bright flashes delivered 
after a rod-saturating preflash (empty 
box). Surprisingly, while the cone’s dim 
flash  responses were larger in the G 
(arrowheads), its responses after a rod-
saturating preflash showed that it  had a 
greater intrinsic sensitivity to the UV 
(empty circle). B:  The SPp was delivered 
to  rods in loose seal (n = 3) and patch 
recordings (n = 2), as well as to cones 
expressing dim flash responses (n = 16). 
The graph plots, for each cone, the ratio 
of G over UV response amplitudes for 
dim flashes, vs. the same ratio for bright 
flashes delivered after a rod-saturating 
preflash. For dim flashes both G-
preferring (full circles) and UV-
preferring cones (empty circles) 
approached typical rod ratios (continuous 
line and shaded area show the mean ± 1 
SD). Triangular gray areas show where 
one would have expected uncoupled 
cones to  localize. C:  Cones in a wide 
range of spectral  preferences are able to 
express sensitivity to dim G flashes. 
Graph plots maximum dim G flash 
response amplitude observed in each 
experiment vs. ratio of G over UV 
responses to brightb flashes delivered 
after a rod-saturating preflash. The latter 
is a measure of the intrinsic spectral 
preference of the cone.
The considerable number of recorded cones allowed us to attempt to explore 
whether their response to dim flashes (not comprised in the dynamic range of 
isolated cones, and thus a measure of their putative ability to couple to rods) had 
any correlation with their intrinsic spectral preference. Cones of all spectral 
types could posses, or acquire, some degree of dim flash sensitivity during 
recordings (Fig. 3.5 C). This was also the case for one of two putatively pure S-
cones, a small but important sample since the immunohistochemically-derived 
frequency of S-cones, relative to all cones, is low (3–20% depending on retinal 
location; Haverkamp et al., 2005), and cones are only ~3% of photoreceptors. 
Certainly, a more extensive investigation into the ability of S-cones to couple to 
rods is required to rule out differences relative to other cones in their rod 
coupling potential.
3.6 Dim and Bright Flash Responses Come From Separate 
Compartments
If our hypothesis that dim and bright flash responses in cones originate from 
separate electrotonic compartments was correct, one should have expected to 
observe differences in their apparent reversal potentials. To test this, I delivered 
the SPp in cones sensitive to dim flashes before and during depolarization by 
current injection well beyond the reversal potential of the light-sensitive 
conductance (Fig. 3.6 A). In all cones (n=4) we were able to invert the polarity 
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Figure 3.6. Dim and bright flash 
responses in cones appear to  originate 
from separate electrotonic comparments. 
A: A cone was stimulated with a reduced 
version of the SPp at –40 mV (Vdark) and 
+66 mV, that is, beyond the reversal 
potential of the light-sensitive 
conductance. While bright flash 
responses reversed polarity (full  circles), 
dim flash responses became smaller but 
did not  reverse (inset; cal. bars: 250  ms, 
1 mV). This behavior one would  expect 
if dim flash responses were being 
generated in the electrotonically distant 
of the bright flash responses while, surprisingly, in one cone with detectable dim 
flash responses they were smaller but did not reverse (inset). This is exactly what 
one would expect if dim flash responses arose from an electrotonically distant 
compartment from the recording pipette, such as electrically-coupled rods.
3.7 Blocking Gap Junctions Reverts Cones to Their 
Intrinsic Phenotype
As a further confirmation of the results reached with the functional tests 
presented thus far, I tested the GJ blocker meclofenamic acid (MFA), previously 
used in the mammalian retina and known to be effective at GJs containing 
connexin 36 (Pan et al., 2007; Veruki and Hartveit, 2009). We expected that a 
pharmacological blockade of rod signals feeding into the cone pathway would 
revert cones to their intrisic phenotype.
In rods (n=3) superfusion with 100 µM MFA did not have effects, eccept a 
marginal reduction in light sensitivity, which however may have been caused 
entirely by normal rundown due to the length of the experiments. In a cone in 
which a prominent level of coupling had been reached after about 30 min from 
seal formation, superfusion with 100 µM MFA markedly reduced both dim flash 
responses and the slow plateau after bright flashes (Fig. 3.7 A1; n=3). The slow 
pharmacodynamic of the blocker observed in my recordings confirms a previous 
report (Veruki and Hartveit, 2009). Notice also a significant slowing of the 
response kinetics that becomes particularly evident towards the end of the 
experiment. This rundown phenomenon, first described in Cangiano et al. 
(2012), is unrelated to coupling and overlaps the pharmacological effect of the 
blocker.
Comparing responses amplitude, acquired before and during perfusion with 
MFA, versus flash strength, it emerged clearly how junctional coupling had 
transformed the light sensitivity profile of the cone, making it responsive to dim 
flashes and widening its dynamic range (Fig. 3.7 A2; n=3). In spite of the fact 
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rod outer segments. Each main record is the average of 3–4 sweeps.                                                 .
that control data was obtained 
before the cone reached its full 
coupling potential, a remarkable 
effect of the blocker on dim flash 
sensitivity was already visible.
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Figure 3.7. A pharmacological blockade 
of gap junctions reverts cones to their 
intrinsic phenotype. A1: Response of a 
cone to the SPp during its spontaneous 
shift  towards a rod-like phenotype (top 
and middle records) and during 
subsequent perfusion with the gap 
junction blocker meclofenamic acid 
(MFA, 100 µM; bottom records). The 
blocker abolished  dim flash responses 
(plot below), as well  as the bright flash 
plateau. Note that  the cone’s response 
was significantly  slower at the end of the 
experiment, a rundown phenomenon that 
was described in Cangiano et al. (2012). 
Records are averages. A2:  Response 
amplitude vs. flash  strength for the same 
cone as in A1 before (full circles) and 
during (empty  circles) perfusion with 
MFA. A selective reduction in  dim flash 
sensitivity  occurred. Note that control 
data was collected before the cone 
expressed its full coupling potential, and 
MFA data before the full effect of the 
blocker. Error bars are SEM. B:  Graph 
showing that coupling run-up and MFA 
had a limited impact on intrinsic cone 
spectral preferences measured with a 
rod-saturating pre-flash during the SPp. 
Individual cones are connected by lines 
with  the arrow showing the direction of 
time progression. Note a particular cone 
that was followed during spontaneous 
coupling and during superfusion with 
MFA (1–4). Two cones sealed upon with 
MFA already present in the bath are 
shown (isolated white circles), as well as 
a completely uncoupled cone in normal 
solution (isolated black circle).
3.8 Mixed S/M cones dominate the mouse retina
In mouse, a large fraction of cones co-express both opsin types (Applebury et 
al., 2000; Haverkamp et al., 2005). Moreover, M-opsin has a prominent 
secondary absorption peak in the near UV (the β-band; Govardovskii et al., 
2000a). Thus, one should expect the large majority of cones to be sensitive to 
both green and UV light. My results on cone spectral preference differ 
significantly from a previous direct measurement with a modified suction 
electrode technique by Nikonov et al. (2006). Their distribution of G/UV 
sensitivity ratios was bimodal, with values below 0.4 or above 3. In contrast, our 
distribution was unimodal and, except for two presumably pure S-cones, our 
ratios were between 0.2–4. What factors may have affected the two 
distributions? (1) In this thesis work we estimated cone spectral preference as 
the ratio of the response to moderately bright G and UV flashes of equal 
strength; this approach is quick (compared to obtaining full response vs. flash 
strength profiles), but leads to G/UV ratios shifted towards unity as cone 
saturation is approached. For the brightb flashes in the SPp, modeling predicts a 
shift described by the empirical relationship:
 Qbright_b ≈ 0.6Q0 + 0.4      (11)
where Q = G/UV in the case of G-preferring cones, Q = UV/G for UV-preferring 
cones, and Q0 being the ratio obtained with vanishingly small flashes. Thus, the 
impact of this inaccuracy on my data was limited and could not artefactually 
generate our unimodal distribution. (2) If some coupled rods retained some 
ability to respond after our rod-saturating pre-flashes, they would shift the G/
UV ratio of cones towards unity (Fig. 3.11 C/D, cf. brightb with brightb (after 
preflash)), while significant levels of cone-cone coupling could either increase or 
decrease the G/UV ratio. However, G/UV ratios did not change appreciably 
during spontaneous coupling or following blockade of GJs by MFA (Fig. 3.7 B, 
circles connected by lines). In addition, two cones that were sealed upon with 
MFA already present in the bath had G/UV ratios of 0.72 and 0.80 (Fig. 3.7 B, 
isolated white circles). Furthermore, if input from some hypothetically 
unsaturated rods was responsible for the many cones with G/UV ratios around 
unity, one would have expected not to observe low levels of rod coupling in the 
same population—which instead was observed (Fig. 3.5 C). (3) In Nikonov et al. 
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(2006) a constant rod saturating background of 20000 photons/µm2s was used to 
isolate cone responses, which the authors showed to bleach a significant amount 
of M-opsin during recordings; this should have reduced the green response of 
UV-preferring cones. (4) Perhaps the most likely explanation of our differing 
results is that their recordings deliberately targeted the dorsalmost/ventralmost 
retina, whereas here I did not intentionally introduce a sampling bias.
3.9 Coupling is also Expressed at Body Temperature
The experiments shown until now were performed near room temperature. 
Therefore we reckoned it necessary to verify the occurrence of rod-cone 
coupling also near body temperature (36°C). The response to the SKp of a rod 
recorded with the loose seal technique showed, as expected, a faster kinetics 
near body temperature. Nevertheless, the rod was still unable to respond to the 
dim flash delivered at the earliest delay following the brighta flash (Fig. 3.9 A). 
In 4 of 5 cones, in which the SKp was delivered near body temperature, I 
observed a progressive increase of the dim flash responses and of the slow 
plateau following the peak in the response to brighta flash, as described at the 
lower temperature (24°C). As 
further confirmation, in a cone 
showing considerable rod 
coupling, I superfused 100 µM 
MFA. The GJ blocker abolished 
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Figure 3.9. Rod-cone coupling is also 
expressed near body temperature. A: 
Loose seal recordings at 36℃ in a rod, 
showing its response to  the SKp. While 
rod recovery from the bright flash was 
faster near body temperature, the dim 
flash  at the earliest delay remained very 
small. B:  Cone recorded at 36℃ 
displaying a rod-like phenotype in 
response to  the SKp (records above). 
MFA abolished the dim flash responses 
and the slow plateau following the bright 
flash (records below).
both dim flash response and the slow plateau in the brighta flash response, 
leaving behind a fast peak, typical of cones (Fig. 3.9 B). These results 
demonstrate that rod-cone coupling is also expressed near body temperature, so 
all the observations made near room temperature should translate to the more 
physiological condition.
3.10 Cone Light Responses in the Connexin36-KO Mouse
As mentioned in the introduction of this thesis, rod-cone gap junctional channels 
in mouse are thought of being heterotypic, with the connexon on the cone side 
being composed of connexin isoform 36 (Cx36). I have recently begun to record 
from the photoreceptors of Cx36–/– mice (n=11, 6 cones and 5 rods), kindly 
provided by Dr. Karin Dedek of the university of Oldenburg (Cx36 del[LacZ] 
mouse line; Degen et al., 2004; Feigenspan et al., 2004). Based on extensive 
immunohistochemical literature, in Cx36–/– animals cone responses to the SKp 
and SPp should match those observed in wild type uncoupled cones. In 5 of 6 
Cx36–/– cones I observed only a fast response to bright flashes and no responses 
to dim flashes (Fig. 3.10 A, cone 1). G/UV ratios varied between cones. These 
Cx36–/– cones did not display light sensitivity characteristics typical of coupled 
cones, but had pure cone responses. In three Cx36–/– cones I recorded the 
membrane currents evoked by hyperpolarizing and depolarizing voltage steps. Ih 
and the Ikx-like membrane currents appeared unaltered in mutants (Fig. 3.10 B). 
Nevertheless, in 1 of 6 cones a small response (< 1 mV) to dim G flashes 
appeared after ~20 minutes from seal formation, and it was abolished by the 
broad spectrum GJ blocker MFA (100 µM) (Fig. 3.10 A, cone 2). Tissue from 
this animal was genotyped twice to ensure that it was indeed homozygous. This 
unexpected finding will need to be investigated further to clarify whether 
functional GJs can assemble between rods and cones in knockout mice. If 
confirmed, this would suggest that another connexin isoform can partially 
substitute Cx36. Nonetheless, the results obtained seem to support an important 
role for Cx36 in rod-cone coupling.
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3.11 Modeling the Functional Impact of Coupling
To aid in the interpretation of our findings and examine their wider implications 
we developed a quantitative model of rod-cone coupling built under several 
simplifying assumptions, but constrained by both published and our 
experimental data (see fig. 3.11 A inset and Methods). The model predicts a 
cone’s photovoltage as a function of flash strength and rod coupling level. The 
latter was lumped into a dimensionless fractional coupling coefficient (cf) 
defined as the cone’s overall gap junctional conductance to rods divided by its 
light sensitive conductance. We present the extreme cases of a pure M (Fig. 3.11 
A) and a pure S cone (Fig. 3.11 B), stimulated with both green (left panels) and 
ultraviolet flashes (right panels) when uncoupled (cf=0, thick curve) or coupled 
at two levels (cf=1 and 3, thin curves). Note that uncoupled M cones respond 
well @365 nm because of a secondary absorption peak of green opsin in the near 
ultraviolet (the β-band; Govardovskii et al., 2000a), while uncoupled S cones are 
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Figure 3.10. Connexin 36 is an important  isoform for rod-cone GJs. A (cone 1): In a cone 
(presumably pure S-type), dim flash responses did  not  appear even after two hours after obtaining 
the seal. Similar results were obtained in other 4 cones. A (cone 2): In a single cone (G-preferring) 
small dim flash responses were evident, and were blocked by superfusion with MFA (100 µM), 
suggesting that a residual  gap junctional current was present. B: Voltage-gated membrane currents 
evoked in Cx36–/– cones by hyperpolarizing (upper traces) and depolarizing steps (lower traces) 
resembled those of wild type cones (cf. fig. 3.1-3).
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Figure 3.11. Modeling the impact of rod–cone coupling on cone light  sensitivity  and spectral 
preference. A/inset: Equivalent circuit used to build the model (see Methods for details). A: 
Predicted flash sensitivity of a pure M-cone for 520 nm (left graph) or 365 nm stimuli  (right 
graph), with no coupling (coupling coefficient cf =  0) and with two levels of coupling (cf =  1 or 3). 
B: Same as in  A, but for a pure S-cone. Coupling should enhance the response at dim and medium-
essentially unresponsive @520 nm at these flash strengths. In terms of 
sensitivity in dark adapted conditions, rod coupling should: (1) enable both cone 
types to respond to dim flashes, not only @520 nm but also @365 nm due to the 
prominent β-band of mouse rhodopsin (Lyubarsky et al., 1999), and (2) widen 
the dynamic range of cones by >2 log-units.
We can obtain a rough estimate of the cf attained in our cone recordings by 
plugging in the model the measured dim flash response amplitudes. In 10 of 43 
cones dim green flash responses above 3.6 mV were observed, corresponding a 
cf >1. In a subset of 4 cones cf was estimated to have reached a level > 2. Thus, 
in at least a significant fraction of cones, the overall coupling conductance to 
rods has a magnitude comparable to the light-sensitive conductance of their own 
outer segment. Our observations likely underestimate the actual coupling 
potential of the cone population and thus represent a lower limit (see 
Discussion).
The model also predicts the effect of different levels of rod coupling on con 
spectral preference. Fig. 3.11 shows the examples of an M cone (panel C) and an 
S-dominated cone (panel D). Spectral preference was quantified, as previously in 
this study, by the ratio of G/UV response amplitude for dim flashes, and bright 
flashes. With increasing coupling the cone spectral preference (thick lines) 
converges to that of rods (thin lines). If test flashes are delivered after a rod-
saturating pre-flesh, the intrinsic preference of the cone is conserved (dashed 
lines).
3.12 Is Rod-Cone Coupling Modulated by Dopamine?
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bright flashes of both M and S cones. A decrease is expected for very bright flashes due to the 
incomplete recovery of rods between consecutive flashes. C: The spectral preference of an M-cone, 
quantified by the ratio of its response amplitudes for flashes of identical  strength at 520 and 365 
nm, as a function of coupling  level. Lines display the spectral preference for dim flashes (16.6 
photons/µm2), bright flashes (3136 ph/µm2), and the same bright flashes delivered 1 s after a rod-
saturating pre-flash. D: Same as in C but for an S-dominated cone (S-opsin expression 15.5 times 
that of M-opsin). Coupling is expected to shift the spectral  preference of S–cones. Since mouse 
cones frequently coexpress both opsin types, their phenotype will lie somewhere between the cases 
shown in A/C and B/D.
Our discovery that rod-cone coupling increases spontaneously during recordings 
allowed us to explore the functional latitude of coupling. However, it 
complicated our goal of studying the impact of the endogenous neuromodulators 
impeding a stable control of the coupling level. Tracer diffusion tests in mouse 
suggested that the reversible and specific D2-like receptor antagonist Spiperone 
has a marked pro-coupling effect in the outer retina (Ribelayga et al., 2008). I 
tested Spiperone (100 µM) in 5 cones by superfusing the retina during the 
recordings. Three cones displayed coupling runup prior to delivery of the 
antagonist, and this process proceeded during superfusion so it was not possible 
to detect any net effect of the drug. In two other cones I didn’t appreciate a 
significant increase of the coupling level for the first 30–40 minutes of recording, 
a potentially favourable condition to valuate the effect of Spiperone. 
Nevertheless, in neither of these cones did I observe a significant coupling 
increase in Spiperone, even after 40 minutes from wash-in (Fig. 3.12). I also 
tested dopamine (DA; 10 µM) in one cone that had a prominent level of 
coupling since the beginning of the recording. Not only did DA not inhibit 
coupling, but coupling strengthened progressively during DA superfusion. These 
results seem to suggest that DA does not modulate rod-cone coupling. However, 
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Figure 3.12. Dopaminergic modulation does not appear to affect  rod-cone coupling. A: The D2-
like receptor antagonist Spiperone was applied while recording a cone with a low and stable 
coupling level  (stability not shown). Cone light sensitivity was unchanged. B: Dopamine was 
applied while recording a strongly coupled cone. The leftward shift  in the flash response profile of 
the cone can be attributed to the spontaneous coupling runup. Recordings made near room 
temperature. 
a possible explanation to the lack of effect of Spiperone on uncoupled cones, 
may be that those same cones had a very small number of junctional contacts to 
rods. On the other hand, the lack of an effect of DA on the coupled cone may be 
explained by the spontaneous coupling mechanism overriding the DAergic 
pathway. Further experiements will be necessary to exclude these possibilities.
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4 Discussion
Patch clamp recordings in dark adapted retinal slices were combined with light 
stimulation, current injection and pharmacology, to demonstrate that mouse 
cones receive rod input through gap junctions (GJs). Coupling to rods showed a 
propensity for rapid plastic change, in the form of progressive increases in 
overall junctional conductance, triggered by the pipette seal. This allowed us to 
reveal a strikingly wide functional latitude of coupling, which, when fully 
utilized, endows cones with a rod-like phenotype in terms of their light 
sensitivity and spectral preference.
4.1 The Functional Latitude of Rod-Cone Coupling
GJs are often initially documented with anatomical techniques, leaving open the 
question of the actual extent of their impact on neuronal function. Moreover, 
since they are thought of being dynamically regulated by a variety of control 
systems operating on different time scales (see below), knowledge of their full 
coupling potential is essential. The unexpected process of spontaneous coupling 
in recorded cones (run-up) enabled us to explore, for the first time, the functional 
latitude of rod-cone coupling in a mammalian retina. We found that in cones the 
overall junctional conductance to rods may frequently exceed the dark 
conductance of the outer segment (cf > 1). Ours is a lower estimate of the full 
coupling potential of mouse cones, since in many cones spontaneous coupling 
had not achieved steady state when the seal was interrupted. One may wonder 
whether there is a sufficient anatomical substrate to sustain such an effective 
level of coupling. Rod-cone convergence in mouse was estimated by electron 
microscopy at ~32 (Tsukamoto et al., 2001), with individual rod-cone gap 
junctions described, in macaque and rabbit by freeze fracture techniques, as 
linear rows of connexons (Raviola and Gilula, 1973). Assuming just one 
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junctional channel open for each converging rod, and having the single channel 
conductance of homotypic Cx36 junctions (10–15 pS at room temperature; 
Srinivas et al., 1999), leads to an overall junctional conductance of 400 pS. On 
the other hand, suction electrode recordings from mouse cones reported 
saturating photocurrents of up to 15 pA at body temperature (Nikonov et al., 
2006), a value translating to a dark conductance of the outer segment of ~375 
pS. This back-of-the-envelope calculation suggests not only that the anatomical 
substrate is adequate, but also that only a minor fraction of the available 
junctional channels opened in our experiments. This would support similar 
conclusions reached for GJs in other systems (Bukauskas et al., 2000; Curti et 
al., 2012). Direct measurements of the junctional conductance of rod-cone pairs 
were made in the ground squirrel retina and found an average of 121 pS (Li et 
al., 2010), suggesting ~10 junctional channels open per rod contact. A higher 
number of open channels compared to the mouse could be explained by the very 
low density of rods in the ground squirrel (Galli-Resta et al., 1999): this would 
place a greater emphasis on the efficacy of a few rod contacts to each cone.
The fact that rods in our recordings did not respond appreciably to bright flashes 
delivered during a rod-saturating light background, or following rod-saturating 
pre-flashes, may be explained by two non mutually exclusive reasons: (1) rod-
cone divergence in mouse is small (~1; Tsukamoto et al., 2001); (2) the run-up 
may, hypothetically, have been triggered only when recording on the cone side 
of the junction.
4.2 Possible Mechanisms Driving Coupling Run-up
A progressive increase in junctional coupling during patch recordings was 
observed in other studies targeting Cx36-expressing neurons, including 
heterologous expression systems (Zoidl et al., 2002; Corsso et al., 2012) and rat 
retinal amacrine AII cells (Veruki et al., 2008). Veruki and colleagues recorded 
in whole cell mode, and found that using very high resistance electrodes 
prevented the run-up, suggesting that a dialysis process may be involved in its 
expression. Subsequently, Corsso and colleagues investigated this phenomenon 
in vitro, showing that an increase in intracellular Ca2+ triggered coupling run-up 
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during whole cell patch recordings. They also showed that calcium leads to 
phosphorylation of Cx36 by an enhanced activity of calmodulin-dependent 
protein kinase II (CaMKII). Interestingly, Corsso et al. found that coupling run-
up did not occur when recording in perforated patch clamp mode with 
amphotericin-B (whose pores should not be permeable to calcium ions), again 
implicating pipette dialysis (although their recordings were limited to ~10 min). 
In support of a physiological role of CaMKII in Cx36 regulation, Kothmann et 
al. (2012) found that phosphorylation of Cx36 in AIIs, indicative of their mutual 
coupling strength, was affected by inhibition of CaMKII.
However, our data in mouse cones is in disagreement with the studies of Veruki 
and Corsso, since run-up was expressed in perforated patch clamp recordings. 
This suggests that, at least in photoreceptors, coupling run-up cannot be 
dependent on an exchange of the intracellular and pipette solutions, involving 
Ca2+. Nonetheless, one should not ignore observations made over the years, 
which have indicated that Amphotericin-B can form two distinct types of 
channels depending on its concentration (Romero et al., 2009), called aquose 
pore (AmBaq) and non-aquose pores (AmBnonaq) (Cohen, 2010). In particular, the 
AmBaq pores are permeable to Ca2+, in addition to monovalent cations and 
anions (Ramos et al., 1989; Cohen et al., 1990). For this reason we tested the 
inclusion of the Ca2+ chelator EGTA in the pipette solution, thus reducing any 
residual free Ca2+ in the intracellular solution to nanomolar levels. We found that 
run-up was still expressed, concluding that cell dialysis with pipette Ca2+ is not 
involved.
An interesting clue in support of our conclusion lies in a previous study on rod-
cone coupling in the macaque (Hornstein et al., 2005): while they did not 
explicitly discuss run-up in their experiments, they found that Neurobiotin 
injected into cones diffused preferentially to rods located under the recording 
pipette. They suggested that the mechanical disturbance exerted in the tissue by 
the pipette might have influenced rod-cone coupling. The hypothetical 
involvement of such a mechanism in both macaque and mouse could account for 
the wide distribution of rod input levels observed in the cones of both animals as 
the degree of the disturbance would vary significantly across experiments.
The possibility that coupling run-up may have gone undetected in previous 
studies on mammalian photoreceptors, could explain why endogenous 
neuromodulatory systems and light, which are implicated in regulating inter-
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photoreceptor GJs (Yang and Wu, 1989; Krizaj et al., 1998; Ribelayga et al., 
2008; Ribelayga and Mangel, 2010; Heikkinen et al., 2011), failed to modify 
rod-cone (Schneeweis and Schnapf, 1999) or cone-cone coupling (DeVries et al, 
2002; Li and DeVries, 2004): run-up could have overridden their signaling 
pathways.
The speed of the run-up expressed in some cones (Fig. 3.3 C) shows that rod-
cone coupling can be rapidly up-regulated with a time course of minutes. 
Interestingly, this time course could still be compatible with an involvement of 
channel trafficking (Flores et al., 2012), rather than gating of stationary channels.
4.3 Dynamic Regulation of Rod-Cone Coupling
We found that, immediately after seal formation, the large majority of cones 
were either uncoupled or modestly coupled to rods relative to their full coupling 
potential (Fig. 3.3). A crucial question is thus if and when the retina uses the full 
range of coupling uncovered in our experiments.
Evidence in mouse from tracer uptake and diffusion suggest an important role 
for circadian rhythmicity in gating rod-cone GJs, such that coupling would be 
stronger at night than during the day (Ribelayga et al., 2008, Ribelayga and 
Mangel, 2010). An analogous process has been studied at the molecular level in 
zebrafish, which express a lower vertebrate ortholog of Cx36, showing that 
gating is mediated by direct PKA-dependent connexin phosphorylation (Li et al., 
2009). However, we could not examine circadian regulation for two reasons: (1) 
our recordings covered a limited time span of ~7 hrs in the late afternoon/early 
evening of the animals’ light cycle, and higher levels of initial coupling were 
observed at both extremes of the period; (2) C57BL/6J mice, similarly to most 
other commercial strains, are not appropriate to evaluate circadian processes due 
to a deficit in their melatonin synthesis (Roseboom et al., 1998; Sengupta et al., 
2011).
Also ambient light, in addition to circadian rhythmicity, may be involved in 
regulating rod-cone coupling, in analogy to what has been reported to occur 
between AII amacrine cells and at the ganglion cell level (Bloomfield and 
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Völgyi, 2004; Hu et al., 2010). Nonetheless, current evidence regarding 
photoreceptors is contradictory (see above). We observed that the rod component 
in cones recovered from a prolonged rod-saturating background with a similar 
time course as the rods themselves. Thus, unless the coupling run-up in cones 
overrode other intracellular regulatory pathways, our experiments would seem to 
exclude an uncoupling effect of acute light exposure. Such an effect was 
suggested in a recent study on mouse employing ex vivo electroretinography 
(Heikkinen et al., 2011).
A radically different possibility could be that of a recruitment of rod-cone 
coupling in response to stress and injury. An up-regulation of retinal Cx36 
expression has been demonstrated following diverse insults (Striedinger et al., 
2005; Paschon et al., 2012), evidence in line with a compelling body of work 
done in other areas of the brain, showing both increases in junctional 
conductance and expression levels of Cx36 (Belousov and Fontes, 2012).
4.4 Conclusions
The mouse retina and the peripheral human retina have been found to be 
remarkably similar in terms of rod and cone visual sensitivity (Naarendorp et al., 
2010). The results of this thesis, which show that mouse cones can rapidly 
increase their junctional coupling to rods to the point that rod input may 
dominate their light response, bear direct relevance for primate vision: in the 
peripheral retina of macaque ~25 rods converge on each cone (O’Brien et al., 
2012), a strikingly similar value to that in the mouse. It will thus be crucial to 
clarify the circumstances under which this coupling potential is utilized.
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